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Stem Cells: Their Definition,
Classification and Sources

Ariff Bongso∗ and Eng Hin Lee

Introduction

Stem cell biology has attracted tremendous interest recently. It is hoped
that it will play a major role in the treatment of a number of incurable dis-
eases via transplantation therapy. Several varieties of stem cells have been
isolated and identified in vivo and in vitro. Very broadly they comprise of
two major classes: embryonic/fetal stem cells and adult stem cells. Some
scientists wish to pursue research on embryonic/fetal stem cells because of
their versatility and pluripotentiality, while others prefer to pursue research
on adult stem cells because of the controversial ethical sensitivities behind
embryonic/fetal stem cells. However, both embryonic/fetal and adult stem
cells are equally important and research on both types must be enthusias-
tically pursued since the final objective is the application of this technology
for the treatment of a variety of diseases that plague mankind. It is very
possible that the findings from one stem cell type may complement that of
the other.

The word “stem cell” has also been loosely used by some scientists with-
out the demonstration of stem cell markers or confirmation of stemness
via transcriptome profiling. It is their ability to self-renew and differentiate
that certain cells are termed stem cells both in vivo and in vitro. It is very
crucial that the correct definition and proof of stemness through proper
and accepted characterization tests be addressed before a particular cell type
is classified as a stem cell. Stem cell therapy has already reached the bedside
in some hospitals through the transplantation of donor bone marrow stem
cells into the circulatory system of leukemic patients and the transfer of
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umbilical cord stem cells into the circulatory system of leukemic children
or their siblings produced from the same mother who had previously stored
her umbilical cord cells. However, the more challenging and impactful use
of stem cells would come from the directed differentiation or transdifferen-
tiation of stem cells into other cell types and tissues to help cure a plethora
of incurable diseases. It would be tremendously useful if embryonic, fetal,
adult or umbilical cord stem cells could be coaxed to produce islets cells for
the treatment of diabetes or neurons for neurodegenerative diseases, car-
diomyocytes for heart disease, and so on. This chapter attempts to define,
classify and describe the sources of the various types of stem cells that have
been isolated to date.

Definition of Stem Cells

Stem cells are unspecialized cells in the human body that are capable of
becoming specialized cells, each with new specialized cell functions. The
best example of a stem cell is the bone marrow stem cell that is unspecialized
and able to specialize into blood cells, such as white blood cells and red blood
cells, and these new cell types have special functions, such as being able to
produce antibodies, act as scavengers to combat infection and transport
gases. Thus one cell type stems from the other and hence the term “stem
cell.” Basically, a stem cell remains uncommitted until it receives a signal to
develop into a specialized cell. Stem cells have the remarkable properties of
developing into a variety of cell types in the human body. They serve as a
repair system by being able to divide without limit to replenish other cells.
When a stem cells divides, each new cell has the potential to either remain
as a stem cell or become another cell type with new special functions, such
as blood cells, brain cells, etc.

Most tissue repair events in mammals are dedifferentiation independent
events brought about by the activation of pre-existing stem cells or progen-
itor cells. By definition, a progenitor cell lies in between a stem cell and a
terminally differentiated cell. However, some vertebrates such as salaman-
ders regenerate lost body parts through the dedifferentiation of specialized
cells into precursor cells. These dedifferentiated cells then proliferate and
later form new specialized cells of the regenerated organ. In fact, some
invertebrates such as the Planarian flatworm and the hydra regenerate tis-
sues very quickly and with precision.1,2 The word“stem” actually originated
from old botanical monographs from the same terminology as the stems
of plants, where stem cells were demonstrated in the apical root and shoot
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meristems that were responsible for the regenerative competence of plants.
Hence also the use of the word “stem” in “meristem.”3 Today, stem cells
have been isolated from preimplantation embryos, fetuses, adults and the
umbilical cord and under certain conditions, these undifferentiated stem
cells can be pluripotent (ability to give rise to cells from all three germ
layers, viz. ectoderm, mesoderm and endoderm) or multipotent (ability to
give rise to a limited number of other specialized cell types).

Classification and Sources of Stem Cells

Stem cells can be classified into four broad types based on their origin,
viz. stem cells from embryos; stem cells from the fetus; stem cells from the
umbilical cord; and stem cells from the adult. Each of these can be grouped
into subtypes (Fig. 1). Some believe that adult and fetal stem cells evolved
from embryonic stem cells and the few stem cells observed in adult organs
are the remnants of original embryonic stem cells that gave up in the race
to differentiate into developing organs or remained in cell niches in the
organs which are called upon for repair during tissue injury. 4

Embryonic stem cells
In mammals, the fertilized oocyte, zygote, 2-cell, 4-cell, 8-cell and morula
resulting from cleavage of the early embryo are examples of totipotent cells
(ability to form a complete organism).5 Proof that these are indeed totipo-
tent cells comes from the fact that identical twins can be generated from
splitting of the early embryo in vitro by micromanipulation in domestic
animals. However, strictly speaking, the fertilized oocyte and blastomeres
cannot be termed“stem cells”because the making of more of them is limited
during early cleavage division. They, thus, cannot self-renew even though
they have the potential to form a complete organism.

The inner cell mass (ICM) of the 5- to 6-day old human blastocyst is
the source of pluripotent embryonic stem cells (hESCs). During embryonic
development, the ICM develops into two distinct cell layers, the epiblast and
hypoblast. The hypoblast forms the yolk sac which later becomes redundant
in the human, and the epiblast differentiates into the three primordial germ
layers (ectoderm, mesoderm and endoderm). Embryonic endoderm cells
are rather restricted in their developmental pathways. A small population
of multipotent cells, called the definitive endoderm, gives rise to all of
the endoderm derived organs in the adult. The definitive endoderm is
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separated from the pluripotent ICM during gastrulation immediately after
implantation. The definitive endoderm comprises an epithelial sheet of
approximately 600 cells that cover the ventral surface of the embryo. This
sheet later forms the fore and hind gut. The fore gut later forms the lung,
liver, stomach and pancreas, while its more posterior aspects gives rise to
the intestines (mid-gut) and cloaca. The hind gut gives rise to the rectum
and large intestine.6 Knowing what drives these developmental pathways is
crucial to understanding the factors and events that lead to differentiation
of embryonic stem cells to desirable tissues such as the pancreas. Pluripotent
embryonic stem cells can give rise to many cell types in vitro, including cells
specific to endodermal tissues. Advances in the understanding as to how
ES cells differentiate should provide answers for re-programming of stem
cells from adult tissues.

Embryonic germ cells
Primordial germ cells or diploid germ cell precursors transiently exist in
the embryo before they closely associate with somatic cells of the gonads
and then become committed as germ cells. Human embryonic germ cells
(hEGCs) which are also stem cells, originate from the primordial germ
cells of the gonadal ridge of 5- to 9-week old fetuses. hEGCs have been
successfully isolated and characterized.7 These stem cells are pluripotent
and are able to produce cells of all three germ layers.

Fetal stem cells
Fetal stem cells are primitive cell types found in the organs of fetuses.
Neural crest stem cells, fetal hematopoietic stem cells and pancreatic islet
progenitors have been isolated in abortuses.8 Fetal neural stem cells found
in the fetal brain were shown to differentiate into both neurons and glial
cells.9,10 Fetal blood, placenta and umbilical cord are rich sources of fetal
hematopoietic stem cells.

Umbilical cord stem cells
Umbilical cord blood contains circulating stem cells and the cellular con-
tents of umbilical cord blood appear to be quite distinct from those of bone
marrow and adult peripheral blood.11 The characteristics of hematopoietic
stem cells in umbilical cord blood have recently been clarified. The fre-
quency of umbilical cord blood hematopoietic stem cells equals or exceeds
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that of bone marrow and they are known to produce large colonies in vitro,
have different growth factor requirements, have long telomeres and can
be expanded in long term culture. Cord blood shows decreased graft
versus host reaction compared with bone marrow, possibly due to high
interleukin-10 levels produced by the cells and/or decreased expression of
the beta-2-microglobulin. Cord blood stem cells have been shown to be
multipotent by being able to differentiate into neurons and liver cells.11

While most of the attention has been on cord blood stem cells and
more specifically their storage for later use, there have also been reports
that matrix cells from the umbilical cord contain potentially useful stem
cells.12 This matrix termed Wharton’s jelly has been a source for isolation
of mesenchymal stem cells. These cells express typical stem cell markers,
such as c-kit and high telomerase activity; have been propagated for long
population doubling times; and can be induced to differentiate in vitro into
neurons.

Adult stem cells
Hematopoietic stem cells (bone marrow
and peripheral blood)

Bone marrow possesses stem cells that are hematopoietic and mesenchymal
in origin. Hematopoiesis is the production and maintenance of blood stem
cells and their proliferation and differentiation into the cells of periph-
eral blood. The hematopoietic stem cell is derived early in embryogenesis
from mesoderm and becomes deposited in very specific hematopoietic sites
within the embryo.13 These sites include the bone marrow, liver, and yolk
sac. Hematopoietic stem cells can be purified using monoclonal antibodies,
and recently, common lymphoid progenitor and myeloid-erythroid pro-
genitor cells have been isolated and characterized.13 Bone marrow stem cells
may be more plastic and versatile than expected because they are multipo-
tent and can be differentiated into many cell types both in vitro and in vivo.

Mesenchymal stem cells (bone marrow stroma)

Mesenchymal stem cells (MSCs) are found postnatally in the non-
hematopoietic bone marrow stroma. Marrow stromal tissue is made up of a
heterogenous population of cells, which include reticular cells, adipocytes,
osteogenic cells, smooth muscle cells, endothelial cells and macrophages.14

In a steady state or in response to injury, turnover of stromal tissue and
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repair occurs through the participation of a population of stem cells found
in the stromal tissue.15 Apart from bone marrow stroma, MSCs can also
be derived from periosteum, fat and skin. MSCs are multipotent cells that
are capable of differentiating into cartilage, bone, muscle, tendon, ligament
and fat.16 There is some recent evidence that there is a rare cell within MSC
cultures that is pluripotent and can give rise not only to mesodermal but
to endodermal tissues.17 The authors have called this a Multipotent Adult
Progenitor Cell.

Gut stem cells

The gastrointestinal epithelial lining undergoes continuous and rapid
renewal throughout life. Differentiation programs thus exist in specific
regions of the tract. Epithelial renewal is sustained with populations of mul-
tipotent stem cells residing in distinct anatomic sites governed by niches.18 A
major challenge is to identify these niches, the properties of these stem cells
and the molecular mechanisms underlining their fate decisions in appro-
priate developmental pathways. These answers will provide clues as to why
some patients infected with Helicobacter pylori are at risk in developing
gastric adenocarcinoma. Many patients harbor H. pylori in their stomachs
but only a percentage goes on to develop pathology.19

Epithelial cell renewal in the intestine is sustained by multipotent stem
cells located in the crypts of Lieberhahn. In the small intestine, epithelial
cells of enterocytic, goblet and enteroendocrine origin differentiate as they
migrate from a crypt up an adjacent villus and leave the intestine once
they reach the villus tip. In the colon, it is different. Epithelial cells migrate
from the crypt to a flat surface cuff that surrounds its opening. The stem
cell hierarchy in the gut and the fact that stem cells and their progeny are
located in well defined anatomic units make the gut an ideal in vivo model
for stem cell research.20

Liver stem cells

Mammals are said to survive surgical removal of at least 75% of the liver
by regeneration. The original tissue can be restored in 2–3 weeks. This is
in contrast to most other organs such as the kidney or pancreas. Recent
evidence strongly suggests that different cell types and mechanisms are
responsible for organ reconstitution, depending on the type of liver injury.
In the case of the liver, regeneration must be distinguished by transplanta-
tion (repopulation) with donor cells.21
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Bone and cartilage stem cells

Mesenchymal Stem Cells in bone marrow can differentiate into bone and
cartilage under appropriate conditions. However, if bone or cartilage is
injured, are there stem cells inherent in bone or cartilage to participate in
the repair process? Bone itself has been found to have both uncommitted
stem cells as well as committed osteoprogenitor cells.22,23 In addition, when
bone is fractured, there is exposed marrow and abundant bleeding with
hematoma formation in the marrow space, which results in good repair
potential. In vivo, articular cartilage has a very limited capacity for repair if
injured. It is currently not clear whether there is a committed chondrocyte
progenitor cell located within cartilage. In the presence of injury to cartilage,
stem cells do participate in the repair process. The numbers, however, are
small and the regulatory factors are limited.24,25 It is postulated that these
cells may be derived from surrounding tissues such as muscle, bone or other
non-cartilaginous tissues.26

Epidermal stem cells (skin and hair)

The human skin comprises the outer epidermis and underlying dermis.
Hair and sebaceous glands also make up the epidermis. The most important
cell type in the epidermis is the keratinocyte which is an epithelial cell that
divides and is housed in the basal layer of the epidermis. Once these cells
leave the basal layer they undergo terminal differentiation resulting in a
highly specialized cell called a squame which eventually forms either the hair
shaft or the lipid-filled sebocyte that form an outer skin layer between the
harsh environment and underlying living skin cells. The epidermis houses
stem cells at the base of the hair follicle and their self-renewing properties
allow for the re-growth of hair and skin cells that occurs continuously. New
keratinocytes are produced continuously during adult life to replace the
squames shed from the outer skin layers and the hairs that are lost. Stem
cells differentiate into an intermediate cell called the “transient amplifying
cell” which gives rise to the more differentiated cell types inclusive of the
keratinocytes and sebocytes.27

Neuronal stem cells

It has been suggested that a continuous neurogenic turnover occurs in some
limited areas of the central nervous system (CNS). Two neurogenic regions
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of the adult mammalian CNS are supposed to be involved in this process: the
subventricular zone (SVZ) of the forebrain28−30 and the dental gyrus of the
hippocampus31,32 which are considered reservoirs of new neural cells. Thus,
neural stem cells (NSCs) are known to reside in these two areas and they
consistently generate new neurons.33−35 In vivo, endogenous NSCs seem to
be able to produce almost exclusively neurons, while a single NSC in vitro
is competent to generate neurons, astrocytes and oligodendrocytes.36 NSCs
are multipotent progenitoir cells that have self-renewal activity. Although
it seems clear at present that the bona fide NSC is the subventricular zone
B cells, the search for self-renewing, multipotent NSCs is in progress and
conflicting information is available in the literature. There has been data to
suggest that the SVZ NSC is an ependymal cell,37 while others have demon-
strated that the SVZ astrocyte is the NSC.38 It was also demonstrated that
ependymal cells were unipotent giving rise to only glial cells, whereas SVZ
astrocytes were able to produce multipotent neurospheres that yielded both
neurons and glia.39 The final fate of the NSC is under tight environmental
control and a stem cell niche has been postulated for the adult mammalian
brain.

Pancreatic stem cells

There has been controversy as to whether the pancreas contains true stem
cells. It was reported that the endocrine cells of the rat pancreatic islets
of Langerhans, including insulin-producing beta-cells, turn over every
40–50 days by processes of apoptosis and the proliferation and differen-
tiation of new islet cells (neogensis) from progenitor epithelial cells located
in the pancreatic ducts. The administration to rats of glucose or glucagon-
like peptides resulted in the doubling of the islet cell mass, suggesting that
islet progenitor cells may reside within the islet themselves.40 The same
authors showed that rat and human pancreatic islets contained an unrec-
ognized population of cells that expressed the neural stem cell-specific
marker nestin. These nestin-positive cells were distinct from ductal epithe-
lium. These nestin positive cells, after isolation, had an unusually extended
proliferative capacity in vitro, could be cloned repeatedly and appeared to
be multipotential. They were able to differentiate in vitro into cells that
expressed liver and exocrine pancreas markers. The authors proposed that
these nestin-positive islet derived progenitor cells were a distinct popula-
tion of cells that resided within the pancreatic islets and participated in
neogenesis of islet endocrine cells.40
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More recently, however, in an effort to pin down the source of new b cells,
Dor et al.41 designed transgenic mice in which insulin-producing cells were
prompted to produce HPAP that is detected by blue staining. When the mice
were 6–8 weeks old, the HPAP gene was turned on. Once the HPAP gene
was tuned on, b cells were expected to pass on the gene to daughter cells. If
the new b cells came from stem cells, then they should not be labeled by the
stain. After 12 months, the percentage of blue cells was higher than that in
6-week-old mice, suggesting that the b cells replicate themselves and that the
pancreas is unlikely to harbor stem cells that produce large numbers of new
b cells. Later, Seaberg et al.42 exposed pancreatic cells to culture media that
encourage growth of neural stem cells. One out of every 5000 cells quickly
multiplied into groups of cells. The authors suggested that this grouping
was characteristic of stem cells. Additionally, the authors demonstrated the
formation of a variety of cell types from these cell groups when the culture
medium was changed to encourage the cell groups to differentiate. The cell
milieu comprised neurons and pancreatic cells inclusive of b cells based
on gene profiling. The b cells secreted insulin and when sugars were added
to the culture medium, the b cells put out more than twice as much of
insulin. The unequivocal demonstration of the existence of stem cells in
the pancreas was, however, not proven.

Eye stem cells

Stem cells have been identified in the adult mouse eye.43 Single pigmented
ciliary margin cells were shown to clonally proliferate in vitro to form
sphere colonies of cells that can differentiate into retinal-specific cell types,
including rod photoreceptors, bipolar neurons and Muller glia. The adult
retinal stem cells were localized to the pigmentary ciliary margin and not
to the central and peripheral retinal pigmented epithelium.
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