
Introduction

Stem cells are characterized by their capability for unli-
mited proliferation and their ability to self-renew by sym-
metric or asymmetric division. Symmetric division is the
process by which stem cells increase their absolute number.
In the case of asymmetric division, the stem cell divide to
generate a different, more specialized daughter cell with
a limited capacity for both division and/or survival. Also
the second daughter cell still must remain “stem” to gene-
rate cells for growth and to substitute for the loss of cells.
Another defining feature of a stem cell is to differentiate
into a variety of cell types.

The association between stem cells and cancer stem
cells can be viewed from three aspects:
1) the similarities and differences in control and regulation

of their capacity for self-renewal,
2) whether the normal tissue stem cells gives rise to the

cancer cells,
3) whether cancer stem cells actually exist.

The mechanisms involved in their unique property of
unlimited capacity to self-renew are not well described. How-

ever they may be similar to mechanisms used in normal
stem cells, for example the activity of telomerase’s, apopto-
sis inhibitors and signal transduction pathways. Deregu-
lated signaling pathways like Notch, Sonic hedgehog (SHH,
hedgehog) and Wnt play a significant role in carcinogene-
sis.

The suggestion of cancer stem cells is more plausible
simply due to the fact it is a farless complicated to change
to the capacity for self-renewal than it would be reactivate
an immortal program in an already differentiated cell. Fur-
thermore, stem cells live longer than differentiated cells, so
they are exposed to external factors for a much longer time.
The accumulation of genetic defects/mutations can also
cause misregulation.

Next we question the capacity for self-renewal of all tu-
mor cells, and whether this is only due to the stem cancer
cells or the presence of any other cells within the tumor tis-
sue that might have the ability to generate a tumor. The
concept that a rare population of tissue may be the cellular
origin of cancer was proposed in 19th century by patho-
logists such as Cohnheim and Durante. These scientists
observed similarities between embryonic and cancer tissue
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with respect to their enormous capacity for proliferation
and differentiation. Their observation led to the hypothesis
that resting embryonic stem cells may reside in adult tissue
and that upon activation these stem cells may acquire the
ability to give rise to cancer (9). In the late 1930s scientists
showed that leukemia can be transmitted from one mouse
to another by using a single undifferentiated leukemia cell
(38). Approximately 30 years later, using in-vitro colony for-
mation assays, it was established that a rare subpopulation
of acute myeloid leukemia (AML) possessed the ability of
self-renewal and proliferation, and therefore going on to give
rise to new tumors (27, 35, 39). In the 1970s researchers re-
visited this idea. The hypothesis about the stem cell poten-
tial of leukemia cells (AML) was formally tested in-vivo on
a NOD/SCID mouse model (5). Studies that followed on
from this had confirmed that there were similarities in the
biology of stem cells and cancer stem cells. They proposed
the idea that cancers may rise from quiescent tissue stem
cells (32).

In 2001 studies were published with relevance to the
steps that lead to carcinogenesis. These studies showed that
the signal transduction pathways (such as Wnt and Hedge-
hog) play an important role in tumor genesis and how
essential it is to consider the existence of stem cells and
cancer stem cells regarding their roles in carcinogenesis
(32, 45).

There are four main classes of stem cells:
1) Totipotent cells (after fertilization, created zygote is a to-

tipotent cell, meaning it has the genetic potential to
create every cell within the body, the nourishing placenta
and extra-embryonic tissues).

2) Pluripotent cells (almost all types of blastocyst cells).
3) Multipotent cells (can give rise to other types of cells but

it is limited in its ability to differentiate).
4) Unipotent cells (have a very limited ability to differen-

tiate).
The association between cancer and stem cells and

cancer was then further discussed for several decades (14,
46) and it was found that stem cells and cancer stem cells
have similar features concerning: unlimited proliferation,
capacity for tissue specific differentiation, clonogenic po-
tential, the capacity of self-renew and the specific differen-
tiation. Howecer differentiation is characteristic only for
a specific cancer cell population; in some cancer cells ter-
minal differentiation is defined, caused for example by loss
of ability to proliferate, set of by external factors such as ir-
radiation, chemical drugs.

The finding that stem cells isolated from fetal tissue are
able to differentiate into a variety of cell types was a very
important step in proving the plasticity of somatic cells or
stem cells that are present within differentiated tissues (13).
It also led to the theory of transdifferentiation. Simplified,
it is the production of cells within tissues where they would
not originally occur (13, 31). It was this knowledge that lead
to the possible association between the plasticity of stem
cells and carcinogenesis (14, 15, 32). Plasticity of stem cells

and cancer cells is based on the ability for self-renewal, this
ability is very important, but also very dangerous.

Cancer stem cells

Recently, there have been two important issues raised
directly related to both stem and cancer stem cells. Firstly,
whether there is a relation between resident stem cells and
cancer stem cells leading to tumor formation. Furthermore,
whether there is a “minimal” number of these cells that act
as a limiting factor. Secondly, whether the resident stem
cells are results of transforming events that lead to the ge-
neration of tumor stem cells or from a different cell popu-
lation that is secondarly transformed. For example, from
a migrating population of stem cells after humoral stimula-
tion in a new environment.

The subpopulation of cancer stem cells is responsible
for tumor rise, growth and metastasis. It is believed that this
happens because cancer stem cells have predetermined pro-
perties such as longevity and the self-renewal ability, simi-
lar to normal tissue stem cells. Once again a question is
raised, what kind of relation is there between normal and
cancer stem cells?

The ability of self-renewal is one of the limiting carci-
nogenesis factors. This was acknowledged in studies per-
formed by a couple of laboratories. They identified small
cell populations that were responsible for tumor formation
and their experiments clearly showed the existence of
cancer stem cells for leukemia, brain tumors and breast tu-
mors (26).

Sell and Pierce, as proposers of the stem cell origin of
cancer, originally suggested that malignancy leads to blocked
differentiation and that the stem cells are targets of “first-
hit” mutation. But stem cells, as a long-lived cell, are more
likely to be the subject of mutations and furthermore can-
cer stem cells may exist in a quiescence state for a long
time, keeping their ability to self-renew and therefor leading
to the possible formation of cancer (37). The concept that
stem cells are the cellular origin of cancer is presently
accepted, but there many questions related to this model
(4, 14).

Hematopoietic cancer stem cells

The first steps in proving the capability of hematopoie-
tic stem cells in initiating the formation of acute myeloid le-
ukemia (AML) were shown in experiments taken by Dick
et al. It was demonstrated that in AML, only a small sub-
population of leukemic cells are capable of initiating leu-
kemia in SCDI mice (5). Alternatively, Weissman et al
supplemented the model by using hematopoitec progenitor
cells – CMP (common myeloid progenitors), GMP (granu-
locytic/monocytic-restricted progenitors) and MEP (mega-
karyocytic/erythroid-restricted progenitors), as well as the
role of some oncogenes and oncoproteins in the process of
AML genesis (7) (Fig. 1). These studies employed the re-
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lation between MLL-ENL (mixed lineage leukemia-eleven
nineteen leukemia) and its protein production and next his
ability of up-regulation oncoprotein c-myc (36). MLL onco-
proteins are constitutive activators of Hox genes (homeobox)
and promote myeloid transformation (3). It is necessary to
highlight that translocation between MLL gene an ANL
gene – t (11,9) is linked to human AML (2). Bmi-1 also plays
an important role in the self-renewal of normal HSCs as
well as leukemic cells. A potential mechanism by which
Bmi-1 regulates stem cell-renewal may be related to the re-
gulation of survival and proliferation genes such as p19Arf,
p16lnk4a and a p53 target gene, Wigl (21, 29). Latest experi-
mental findings refer to humoral factors and their ability to
affect the transformation of normal stem cells at certain
points in the cell cycle and to form cancer stem cells and fi-
nally to give rise to tumor.

Breast cancer stem cells

The existence of normal mammary stem cells was esta-
blished as early as 1959, when DeOme and colleagues ob-
served that cells extracted from epithelium isolated from

several different regions of mammary gland were able to ge-
nerate fully functional mammary outgrowths containing
ductal, lobuloalveolar and myoepithelial cells (8). In order
to identify and characterize these cells within the mamma-
ry gland several studies were performed. Based on them it
has been concluded that the entire mammary gland can de-
velop from a multipotent stem cell clone positioned through-
out the gland (20). Furthermore, side population cells have
been identified in the mammary gland and it has been de-
monstrated they can give rise to mammary ducts and al-
veoli (47). Side population cells expressing eg. SCA-1+ (stem
cell antigen-1), ESA+ (epithelial-specific antigen)/MUC-1-

(sialomucin) are characterized by specific phenotypic and
genotypic profile and misregulation of their signal trans-
duction pathway. All of these characteristics predispose
them to cancer stem cells genesis and consequently to give
rise to progenitor cells. Clark et all was the first to identify
this population of cells forming the breast cancer. These
cells were defined as CD44+CD24-/low. Cells with this spe-
cific cell-surface antigen transplanted into SCDI mice (im-
munodeficient mice) had a 10- to 50-fold increased ability
to form tumors compared with the original tumor mass.
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Fig. 1: A hypothetical model for leukemogenesis.
A long-term HSC (LT) is capable of giving rise to short-term (ST) or transient amplifying stem cells. STs further diffe-
rentiate to multipotent progenitors (MPP), which are then capable of giving rise to the committed lymphoid (CLP) and
committed myeloid (CMP) progenitors. The CLPs and CMPs further differentiate to generate all the different types of he-
matopoietic cells. Leukemia is initiated when a HSC or a progenitor cell is transformed by sequential genetic mutation to
a cancer initiating cell or a cancer stem cell. A cancer stem cell may then undergo self-renewal and generate leukemic cells
with a similar genetic profile as the originating cell e.g. acute myeloid leukemia; AML. (Adapted according to Behbod F,
Rosen JM. Will cancer stem cells provide new therapeutic targets? Carcinogenesis 2004; 26:703–711.)
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As few as one hundred CD44+CD24-/low cells were able to
form tumors in mice, whereas cells with alternate surface
phenotypes failed to form tumors, even after the
transplantation of a million cells. It appears that the micro-
environment, especially breast stromal component may
play an important role in carcinogenesis (1).

Signal transduction pathways important 
in breast cancer

Several signaling pathways are implicated in regulating
mammary stem cells. Examples of these pathways are
Wnt, Notch, Hedgehog and TGF-β. Dysregulation of these
signaling pathways in the mammary gland has been de-
monstrated to induce mammary tumors in genetically engi-
neered mice (25). The Wnt gene family encodes growth
factors and appears to be hormonally regulated. These two
findings together suggest that regulated expression of Wnt
gene products play a role in the normal expansion or diffe-

rentiation of the mammary epithelium. The alteration of
Wnt signaling pathway may cause expansion of stem cells
and consequently predispose mammary cells to tumors.
Aberrant Notch regulation results in the expansion of spe-
cific mammary progenitors, but how the induction of tu-
morigenesis is still mystery.

Stem/progenitor cells and breast cancer 
heterogeneity

Based on variation in gene expression patterns breast
carcinoma has been divided into at least five different sub-
types with different clinical outcomes (basal like, ERBB2+,
normal breast-like, luminal subtype A and luminal subtype
B) (43). Based on hypothetical models the heterogeneity in
breast cancer reflects the underlying mechanisms involved
in cancer initiation in stem/progenitor cells. A cancer–ini-
tiating cell or cancer stem cell may self-renew symmetrical-
ly giving rise to cancer cells with similar expression profiles
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Fig. 2: A hypothetical model of breast cancer development.
Breast cancer is initiated when a progenitor cell acquires sequential mutations resulting in transformation. The cabcer in-
itiating cell or cabccer stem cell may self-renew symmetrically giving rise to cancer cells with similar expression profiles or
it may differentiate asymmetrically and generate cancer cells with different genetic profiles, for exemple, an ER- cancer
stem cell may self-renew giving rise to a population of cancer cells that are ER- or it may follow a differentiation path and
generate a population of cancer cells that express ER. The tumor bnges resulting in ehavior and response to therapy may
be different and dictated by the tumor initiating cells and the type of transforming event. It is conceivable that a normal
differentiated cell may undergo genetic or epigenetic changes resulting in transformation, possibly dedifferentiation and
self-rennewall. (Adapted according to to Behbod F, Rosen JM. Will cancer stem cells provide new therapeutic targets?
Carcinogenesis 2004; 26:703–711.)
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or it may differentiate asymmetrically and generate cancer
cells with different genetic profiles. For example an ER-
cancer stem cell may self-renew giving rise to a population
of cancer cells that are ER- or they may follow a differen-
tiation pathway and generate a population of cancer cells
that express ER (12). Obviously, these findings could help
to explain the response to therapy, but more importantly
the clinical outcome.

Brain cancer stem cells

In recent years, well-established methods for identifica-
tion, isolation and characterization of brain stem cells have
been developed. Studies demonstrate the cancer stem cell
concept and furthermore highlight the similarities between
somatic stem cells and cancer stem cells in the central ner-
vous system.

Isolated cells from either embryonic tissue or the adult
hippocampus, subventricular zone or olfactory bulbs are
undifferentiated multipotent neural stem cells which are
capable of self-renewal. As first observed in 1992, CNS
cells grown on nonadherent surfaces give rise to balls of
cells (neurospheres) that have the capacity for self-renewal
and can generate all of the principal cell types of the brain
(i.e., neurons, astrocytes, and oligodendrocytes) (33, 34).
Neurosphere assay is one of the methods used to get more
specific details about neural stem cells, such as the poten-
tial of self-renewal, expression of specific surface antigens
(e.g. CD133) and production of proteins (e.g. nestin).

Progress of knowledge had led to identification of puta-
tive cancer stem cells in brain cancer. As known, brain tu-
mors are typically represented by a heterogeneous cell
population, containing both undifferentiated and partially
differentiated cells. Drik et al. generated neurospheres from
14 solid primary pediatric brain tumors, including me-
dulloblastoma, pilocytic astroytoma, glioblastoma and
anaplastic ependymoma (41). Furthermore, brain tumor
neurospheres displayed the potential of self-renewal, as well
as the ability to give rise to differentiated tumor cells simi-
lar to cells of the original tumor. With time there are more
and more brain tumor stem cells markers identified for
example CD 133, Sox2, Musashi, Bmi-1. The CD 133 sur-
face marker has been used to enrich stem cells from brain
tissue material. Singh et al transplanted brain tumor stem
cells into nude mice and observed that CD133 positive
cancer cells form tumors (40, 41, 42). It was also demon-
strated that brain cancer stem cells drive tumor growth
in vivo. In serial transplantation studies only one hundred
CD133+ cells were able to initiate and sustain tumor
growth in nude mice (41). The study was based on the per-
sistence of a small subpopulation of cancer stem-like cells.
Having isolated a putative stem cell population from C6
glioma cell line, they observed that the C6 glioma subpo-
pulation cells displayed a higher potential for tumor forma-
tion and invasiveness compared with non-subpopulation
group, although their thesis was statistically insignificant.

Signal transduction pathways important 
in brain cancer

If neural stem cells are the source for the initiation of
brain cancer, their progression towards a tumorigenic state
may be achieved through the operation of abnormal  “deve-
lopmental” programs. There are several described genetic
pathways in neural stem-cell regulation and gliomagenesis.
Specifically, dysregulation of the sonic hedgehog (Shh) de-
velopmental signaling pathway plays a role for tumor ini-
tiation as well as tumor maintenance. The EGF signaling
pathway is also important in gliomagenesis and neural
stem-cell regulation. Amplification of the EGFR gene is as-
sociated with the formation of glioblastomas, and acti-
vation of EGFR promotes the growth of both astrocyte
precursors (23, 24) and neural stem cells (22). PTEN, a tu-
mor-suppressor gene often affected in high-grade gliomas,
regulates the proliferation of neural stem cells. PTEN may
also play a part in neural stem-cell motility and could there-
fore lead to the extensive infiltration seen in gliomas (28).

Conclusions and future prospects

Cancer is increasingly being viewed as a stem cell di-
sease. It has been suggested that tumors contain a small
population of putative cancer stem cells with unique self-
renewal and survival mechanisms (12, 21, 32, 38). Despite
recent advances in cancer stem cell studies, the knowledge
is still limited. Further characterization of cancer stem cells
might contribute to the development of more effective treat-
ment strategies. It would be beneficial to investigate, how
existing chemotherapeutic methods affect the evolution of
stem cells during conventional treatment regiments, for
example by comparing the sensitivity of normal stem cells
with malignant ones, looking at the mechanisms by which
drug resistance may arise. It may not even be necessary to
eliminate the cancer stem cells in order to control the
cancer, instead it may be sufficient to suppress their growth
or redirect the abnormal differentiation towards a more
normal phenotype (17).

There is significant evidence that carcinogenesis in the
mammary gland, and in other organs are related to deregu-
lation of signaling pathways, like Hedghog, Notch and Wnt.
Therefore, it is imperative to design new strategies based
upon a better understanding of the signaling pathways that
control aspects of self-renewal and survival in cancer stem
cells in order to identify novel therapeutic targets in these
cells. Furthermore, studies indicate that cancer stem cells
are associated with microenvironment niche. These studies
could bring forward the prophylactic approach to therapy
and the possible prevention.
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