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There is an increasing evidence supporting the cancer stem cell hypothesis. Normal stem cells in the adult organism are
responsible for tissue renewal and repair of aged or damaged tissue. A substantial characteristic of stem cells is their ability
for self-renewal without loss of proliferation capacity with each cell division. The stem cells are immortal, and rather resis-
tant to action of drugs. They are able to differentiate and form specific types of tissue due to the influence of
microenvironmental and some other factors. Stem cells divide asymmetrically producing two daughter cells — one is a new
stem cell and the second is progenitor cell, which has the ability for differentiation and proliferation, but not the capability
for self-renewal. Cancer stem cells are in many aspects similar to the stem cells. It has been proven that tumor cells are heter-
ogeneous comprising rare tumor initiating cells and abundant non-tumor initiating cells. Tumor initiating cells — cancer stem
cells have the ability of self-renewal and proliferation, are resistant to drugs, and express typical markers of stem cells. It is
not clear whether cancer stem cells originate from normal stem cells in consequence of genetic and epigenetic changes
and/or by redifferentiation from somatic tumor cells to the stem-like cells. Probably both mechanisms are involved in the or-
igin of cancer stem cells. Dysregulation of stem cell self-renewal is a likely requirement for the development of cancer. Iso-
lation and identification of cancer stem cells in human tumors and in tumor cell lines has been successful. To date, the exis-
tence of cancer stem cells has been proven in acute and chronic myeloid leukemia, in breast cancer, in brain tumors, in lung
cancer and gastrointestinal tumors.

Cancer stem cell model is also consistent with some clinical observations. Although standard chemotherapy kills most
cells in a tumor, cancer stem cells remain viable. Despite the small number of such cells, they might be the cause of tumor
reccurrence, sometimes many years after the “successful” treatment of primary tumor. Growth of metastases in distinct ar-
eas of body and their cellular heterogeneity might be consequence of cancer stem cell differentiation and/or dediffe-
rentiation and asymmetric division of cancer stem cells. Further characterization of cancer stem cells is needed in order to
find ways to destroy them, which might contribute significantly to the therapeutic management of malignant tumors.
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Normal stem cells

Stem cells can be divided into three categories: embryonic,
germinal, and progenitor somatic stem cells. Embryonic stem
(ES) cells are derived from the inner cell mass of the
blastocyst. ES cells are omnipotent and are precursors of all
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cells of the organism. ES cells can be propagated indefinitely
in an undifferentiated state in vitro. Embryonic stem cells
have an indefinite replicative life span, which is attributable
to expression of telomerase, like majority of cancer cells.

ES cells differentiate to all cell lineages in vivo and can dif-
ferentiate into many cell types in vitro. Embryonic stem cells
give rise to cells that form various organs by the process of
determination. The omnipotency of the embryonic cells dur-
ing embryo development is gradually restricted to cells,
which are able to differentiate into tissue specific cells with
very different function. Although ES cells have been isolated
from humans [40], their use in research as well as therapeu-
tics is hampered by ethical considerations [10].
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Normal stem cells also exist for most mature tissues, in-
cluding haematopoietic, neural [12], gastrointestinal [31],
hepatic [2] and mesenchymal tissues [30]. Compared with ES
cells, tissue-specific adult stem cells reside in adult tissues,
they have less capacity for self-renewal and, although they
differentiate into multiple lineages, they are not omnipotent.
Progenitor somatic stem cells in adult organisms are respon-
sible for normal tissue renewal and potentially for repair of
small damages of tissues. The appropriate differentiation into
tissue specialized cells is induced by factors of the local mi-
lieu in the body, by cell fusion, and some other so far un-
known molecular mechanisms.

Germinal stem cells in the adult are responsible for pro-
duction of eggs and sperm.

Somatic stem cells are immortal what is necessary to fulfill
their biological function over the lifespan of the organism.
They have tightly regulated process of self-renewal, and pos-
sess high resistance to exogenous and endogenous agents.
Various types of somatic stem cells differ in proliferation as
well as in the differentiation potential. During early embry-
onic growth, stem cells divide symmetrically, whereby each
daughter cell retains the properties of the parental cell. The
adult stem cells divide asymmetrically, whereby one daugh-
ter cell retains the properties of the parental stem cell,
whereas the other daughter cell begins the process of tissue
determination [34]. Mesenchymal progenitor stem cells are
the major contributors to normal tissue renewal. Stem cells
are present in the bone marrow and are able to differentiate
terminally. Bone marrow contains hematopoietic stem cells
and other primitive progenitor cells often referred to as a
mesenchymal stem cell (MSC) and multipotent adult progen-
itor cells (MAPCs) [22, 23]. MSC are rare pluripotent cells
supporting hematopoietic cell lineages. In addition they can
differentiate into the mesenchymal lineage, including bone,
cartilage, fat, muscle, tendon and marrow stroma. MAPCs
co-purify with MSC and are able to differentiate at the single
cell level, not only into mesenchymal cells, but also to the
haematopoietic lineage, and to the epithelial cells of liver,
lung and gut [15]. Adult stem cells vary in their morphology
and characteristics depending on the tissue of origin. In gen-
eral, they are situated in a spatially distinct site within a tis-
sue, termed a niche that is created by supporting cells and
extracellular microenvironment [11].

A major characteristic of stem cells is their ability for
self-renewal without loss of proliferation capacity with each
cell division. In addition stem cells have the capacity to di-
vide for long periods of time in an environment where most
of the cells are quiescent. Recently it was reported that
microRNAs expression is required for stem cells to bypass
the normal G1/S checkpoint [16]. While the ability of adult
human stem cells exist throughout the life of the organism is
attributed to telomerase activity, the level of telomerase ac-
tivity measured in most adult stem cells does not appear to be
sufficient to prevent telomere loss. Most of the normal so-
matic cells do not have an indefinite replicative life span due

to progressive shortening of telomeres upon each cell divi-
sion. Embryonic stem cells maintain their telomere length at
812 kb and thus are capable of unlimited self-renewal. In
comparison to embryonic stem cells, the ability of some adult
stem cells to maintain their telomeres seems to be limited and
is not sufficient to prevent their senescence. Consequently
adult stem cells are at higher risk of malignant transforma-
tion. It was observed that overexpression of telomerase activ-
ity in normal human mesenchymal stem cells correlated with
the accumulation of mutations over time in culture, was
connected with their tumorigenicity, when transplanted into
mice [33].

Origin of cancer stem cells

It is generally accepted that transformation of normal cell
to tumor cell is a multistep process caused by accumulation
of mutations and epigenetic changes. It is very likely that
cancer stem cells originate in similar manner by transforma-
tion of the normal stem cells in the organism. Cancer stem
cells continue to divide asymmetrically creating at least at the
beginning two different cell populations. One population re-
tains the self-renewing properties of the parental cancer stem
cell and the other population is tumor cell with ability to dif-
ferentiate but without the ability to initiate tumor growth.
This presumption is supported by the observation that not all
the cells within a tumor can maintain tumor growth, and that
large numbers of tumor cells are needed to transplant a tumor
in immunologically competent animals. Moreover, most tu-
mors consist of heterogeneous cell population; they are but
not all clonal despite that originate from a single cell. This is
consistent with the behavior of stem cells to form various
stem cell lineages. Further support for mutated stem cells ori-
gin of tumors is observation by pathologists that some tumor
cells resemble morphologically the organ of origin, and they
retain at least some biological function. Many tumors appear
dedifferentiated and may even resemble embryonic cells, for
instance neuroblastomas [28].

There are several possibilities to explain the involvement
of stem cells in cancer development. It has been hypothesized
that some tumors may originate from cancer stem cells,
which may be reactivated in specific sites to recreate the orig-
inal tissue phenotype. Cancer stem cells may also originate
from severely genetically damaged somatic cells by rediffe-
rentiation to a progenitor-like state thus acquiring self-re-
newal capacities de novo. It is likely that both processes are
involved. Additional mutations acquired by cancer stem cell
together with its self-renewal capacity might result in malig-
nant tumor development. Origin of cancer stem cell and im-
plementation to tumor therapy is schematically summarized
in Figure 1.

Cancer stem cells might be derived from self-renewing
normal stem cells due to altered proliferative pathways or
from progenitor cells that have acquired the ability to self-re-
new as a result of oncogenic mutations. In both cases changes
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Figure 1. Origin of cancer stem cell and implementation to tumor therapy. Normal stem cell divides asymmetrically producing two daughter cells —
one is a new stem cell and the second is progenitor cell, which differentiate and proliferate into mature cells. Cancer stem cells originate from normal
stem cell and/or from progenitor cells by mutation and epigenetic changes. Further mutations of these cells lead to formation of heterogeneous tumor
containing different clones of tumor cells. When this tumor is treated by chemotherapy, the most cells are killed, but cancer stem cells remain be-
cause of their resistance. These stem cells can initiate malignant tumor growth sometimes after long period of time. They can be source of metastatic
spread of tumor cells in different organs of the body. Cancer stem cell can originate from somatic cell, which by mutation regains stem-like proper-

ties, mainly the capacity of renewal and propagation.

in regulation of self-renewal in stem cells is a key event in
tumorigenesis. It was found that the Bmi-1, Notch, Wnt and
Sonic hedgehog pathways, tumor suppressor genes and
oncogenes are involved in regulation of self-renewal of both
normal and cancer stem cells. [4, 5, 36, 38, 42]. Additional
studies implicate the Wnt beta-catenin pathway in the main-
tenance of stem-cell self-renewal in other tissues as well [3,
21]. Epigenetic events play an important role, such as modifi-
cation of chromatin, histone deacetylation, etc. Several stud-
ies suggest that epigenetic reprogramming is responsible for
the loss of the tumor cells’ capacity to form tumors [27, 37].
The stem cell origin will dictate the tumor type, with contri-
butions by the genetic background of the individual and
microenvironmental influences.

The cancer stem cell model has been supported by demon-
stration that cancer stem cells can be isolated and have been

characterized in some details. The hematopoetic cancer stem
cells were described first. BONNET et al [7] identified a com-
mon immunophenotype of leukemic stem cells with self-re-
newal potential. Cells of each type of AML have been iso-
lated and divided into two subtypes with phenotypes CD34",
CD38"and CD34", CD38". These two types of cells were in-
jected to NOD/SCID mouse. A fraction of CD34", CD38"
cells transferred human AML to mouse. It was concluded that
the neoplastic cells in leukemia are composed of several
clonal populations, which are heterogeneous with respect to
proliferation and differentiation [for a review see 32]. Rare
stem cells within the leukemic population possess extensive
proliferation and self-renewal capacity that is not found in
the majority of the leukemic cells. It was determined that leu-
kemic stem cells are necessary and sufficient to maintain the
leukemia [26].
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It was reported that acute myeloid leukemia originates
from a hierarchy of leukemic stem cell classes that differ in
self-renewal capacity [19]. They were able to demonstrate
heterogeneity in leukemia-initiating cells of leukemia in-
duced on SCID mice. The data suggest that in AML, the ini-
tial target cell is within the hematopoietic stem cell compart-
ment. The leukemic stem cells emerge with subsequent
alterations of progenitor cells. In chronic myeloid leukemia
hematopoietic stem cells may not be involved in disease de-
velopment. The origin of leukemia cells is rather from a pro-
genitor cell that re-acquired self-renewal capacities.

Additional modifications necessary for full transformation
was proven in experiments on transgenic mice that utilized
expression of the bcr/abl fusion gene targeted exclusively to
myeloid progenitors and their myelomonocytic progeny.
These mice developed a myeloid disease sharing many char-
acteristics with human CML, despite absence of bcr/abl ex-
pression in hematopoietic stem cells. When these mice were
crossed with bcl-2 transgenic mice, blast crisis was induced
in these animals. These results are in agreement with the clin-
ical finding that the majority of myeloid blast crisis patients
have leukemic cells with high expression of bcl-2 gene [20].

A study by GUAN et al [14] demonstrated that most AML
stem cells are quiescent. This finding means that these cells
will survive standard chemotherapy directed to dividing
cells. Isolation of highly quiescent leukemic stem cells in
chronic myeloid leukemia was reported as well [18]. Re-
cently it was found that treatment of CML patients with
imatinib mesylate (Gleevec), which is otherwise highly ef-
fective in induction of remission, only suppressed the dis-
ease. The drug is not able to destroy the leukemic stem cells,
which are the root cause of the CML [6, 13]. These observa-
tions strongly support the stem cell origin of acute and
chronic myeloid leukemia.

There are several examples of cancer stem cell identifica-
tion in solid tumors. AL-HAJJ et al [1] transplanted human pa-
tients” breast cancer cells into mice and identified a
subpopulation (CD44 ", CD247°") that was uniquely capable
of generating heterogeneous primary and secondary tumors
similar to the original patient specimens. These results sug-
gested that the tumorigenic cells can both initiate self-renew
and growth as tumor cells and form also non-tumorigenic
cancer cells. Several other papers that promulgate the exis-
tence of breast cancer stem cells analyzed the origin of tu-
mor-initiating cells and examined the clinical relevance of
cancer stem cells in bone marrow of patients with metastatic
breast cancer [8, 9, 29].

Another example of existence of cancer stem cells in solid
tumors came from study of pediatric brain tumors. HEMMATI
et al. [17] was able to isolate tumorigenic cells with charac-
teristics similar to neural stem cells. These cells were shown
to be multipotent, self-renewing and are able to produce pro-
liferating neurospheres, which retain the ability to differenti-
ate into neurons and glia. The gene expression of these tu-
mor-derived neurospheres did not differ from normal

neurospheres. However, unlike neural stem cell-derived
neurospheres, these cells were longer alive and gave rise to
abnormal dual-phenotype cells.

SINGH et al [35] reported the identification and purification
of cancer stem cells from human brain tumors of different
phenotypes that possess a marked capacity for proliferation,
self-renewal, and differentiation. The increased self-renewal
capacity of the brain tumor stem cell was highest from the
most aggressive surgical samples of medulloblastoma com-
pared with low-grade gliomas. The brain tumor stem cells
were exclusively isolated with the cell fraction expressing the
neural stem cell surface marker CD133. These CD133+ cells
could differentiate in tissue culture into tumor cells that
phenotypically resembled the tumor from the patient.

Identification of bronchioalveolar stem cells in normal hu-
man lung and lung tumor has also been reported. The data
support the hypothesis that these cells are a stem population,
which after transformation give rise to lung adenocarcinoma
[24].1t was reported that in canine bronchial carcinogenesis
alveolar pluripotential stem cells are involved [39].

Cancer stem cells are also able to keep their self-renewal
potential during many passages of in vitro cultivation.
KONDO et al [25] reported presence of side cell populations
(SP) in the following cell lines, which are known to be kept in
culture for decades: C6 (rat glioma), BI04 (rat neuro-
blastoma), MCF-7 (human breast cancer), and HeLa (human
adenocarcinoma). They confirm an asymmetric way of cell
replication of the C6 cell line. They found that sorted SP cells
could produce both new SP and non-SP cells in culture. The
cells can produce neurons and glia in culture and form tumors
containing both glia and neurons in nude mice. Supportive
environments were found to be important for in vitro mainte-
nance of SP cells; they required presence of platelet-derived
factor (PDGF) and basic fibroblast growth factors (bFGF) for
their cultivation in absence of serum. These results support
the conclusion that SP cells in C6 cell line behave as cancer
stem cells.

Implications for tumor therapy

Isolation and identification of cancer stem cells in leuke-
mia and in some solid tumors has important implications for
the study and treatment of malignancies. The bulk human tu-
mor mass is composed of different tumor cell clones that dif-
fer with respect to proliferation, differentiation, and ability to
initiate tumor. In human leukemia, rare leukemic stem cells
are responsible for maintaining the tumor clone, generating
leukemic cells that possess extensive proliferative and
self-renewal potential. In a wide variety of stem cells, the
ABC transporters are expressed causing drug resistance [43].
Cytotoxic chemotherapy kills most cells in a tumor, but can-
cer stem cells survive due to their relative high resistance to
drugs and because of their silent replication. Despite the
small number of such cells, their property of being immortal
is expected to be sufficient to allow tumor reccurrence. The
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relapse can occur many years after initial treatment by che-
motherapy or radiotherapy. It is hypothesized that if tumors
are derived from an early stem cell or its progenitor cells, the
metastases are formed readily and are phenotypically more
heterogeneous. Metastases derived from a later stem cell are
more homogenous and have more restricted metastatic po-
tential [41]. Cellular heterogeneity of metastases, their
growth in distinct areas of body under different environment
might be consequence of cancer stem cell differentiation
and/or dedifferentiation. Further characterization of cancer
stem cells is needed in order to induce their terminal differen-
tiation, which might be a therapeutic approach. Therapies
whose target is expressed on or by the cancer stem cells initi-
ating tumors are more likely to be successful. The efforts to
elucidate molecular differences in normal and cancer stem
cells are expected to produce promising approach to targeted
causal therapy of malignant tumors.

We would like to thank Dr. K. BORIS-LAWRIE for comments and
language corrections.
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