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Cancer has been proposed as a result of abnormal control of growth and development of stem cells for
more than century. This is the “cancer stem cell hypothesis™. Both cancer and stem cells share many common
especial properties. They are immortal and have good differentiation potential. In addition, organogenesis
and carcinogenesis are very similar processes. Recently, more evidence and convincing data from stem cell
biology research are supporting this concept. Furthermore, the research provides new promising approaches
for cancer diagnosis and treatment based on stem cell knowledge and technology. Upcoming data and
evidence may revolutionize cancer management, making it more effective and safer.
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Cancer stem cell hypothesis has been pro-
posed for more than a century®. Cancer was viewed as
aresult of aberrant control of stem cell self renewal and
differentiation. However, this concept had not been
thoroughly verified and validated due to limited know-
ledge and technology in stem cell biology. Now, in the
stem cell era, more data is available to support cancer
stem cell hypothesis®®. Moreover, advances in stem
cell biology research will not only provide more under-
standing on carcinogenesis but also open new thera-
peutic approaches that might be more effective with
less adverse reactions than traditional approaches.

Stem cell biology and cancer biology

Stem cells and cancer cells share many special
properties such as the capacity of self renewal, the
ability to differentiate, their active telomerase expression,
the activation of antiapoptotic pathways, the increased
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membrane transporter activity, and the ability to migrate
and metastasize. There are several stem cell markers
that are also expressed by cancer cells, for example,
CD 44, alpha 6 integrin, beta 1 integrin, and CD 133
(prominin)®9.

Cancer stem cells have been recently demon-
strated and characterized in many kinds of malignan-
cies®9 especially in leukemia®, breast cancer” and
nervous system cancers®. These cancer stem cells have
been proved to be crucial origin in carcinogenesis, have
a strong influence on tumor characteristics, and also
have an important role on the clinical course of various
cancers®®. Self renewal capacity is presumably the
key factor for tumorigenesis, whereas differentiation
potential is suspected to be the cause of tumor pheno-
typic heterogeneity. However, there are some distinct
characteristics that make cancer cells different from
classic stem cells. Although cancer cells have a self
renewal property through the same pathways and
signaling molecules as ordinary stem cells such as
Whnt, Hedgehog, and Notch, their pathways are dys-
regulated. This results in uncontrolled growth and
expansion of tumor cells®).
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Organogenesis, homeogenesis and carcinogenesis

Organogenesis is the important event in the
early period of intrauterine life. This is composed of
complicated pathways and regulations. Each specific
organ has to be arranged in the appropriate anatomical
position to ensure the normal structure of the fetus.
Moreover, each specialized cell has to be allocated into
different locations of the organ for proper organ
function. There are a number of data and evidences
that cell to cell interactions play an important role on
organ formation®. The detailed mechanism of each
organ development during embryonic period is still a
mystery. Organogenesis requires proper development
and differentiation of embryonic stem cells into various
types of cell with different degrees of differentiation in
each organ. Harmonization among cells within the same
tissue, tissues within the same organ and organs within
the body are crucial for normal growth and develop-
mental processes. Disruption in any parts of these
sophisticated pathways and regulatory systems may
result in malformations or congenital anomalies®®).

On the other hand, homeogenesis is the key
mechanism to keep a balance between cell loss and cell
replenishment during the later period of life and to
ensure proper function of the organs®. This means
that cell loss and renewal should be controlled in an
appropriate proportion. Normally, cell loss could result
from cell death and apoptosis. In addition, loss may be
a consequence of tissue damage or injuries. For cell
replacement, stem cell presumably resides in every tissue
to supply new cells for the whole period of life. This
could be possible because of exceptional unlimited self
renewal property of stem cells®®). However, this special
property declines with aging®®. Moreover, stem cells
are vulnerable to mutation with their increasing age
because of the longer exposure time and the additional
dividing cycles when compared with other types of
cells@3.

Classical model of carcinogenesis proposed
that cell and tissue transformation results from random
mutation and subsequent clonal selection®®), In this
hypothesis, any cells could be the target of mutation
and eventually carcinogenesis. With cancer stem cell
hypothesis, carcinogenesis is viewed as dysregulation
of self renewal pathways of tissue stem cells or pro-
genitor cells®®. This abnormality is selectively on
tissue stem cell population. As a result, dysregulated
stem cells may undergo further genetic or epigenetic
changes to be fully transformed®. Then epigenetic
controls that normally play important roles on stem cell
differentiation will certainly contribute to tumor pheno-
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typic heterogeneity. The cancer stem cell hypothesis
has dramatically changed the conventional concept of
carcinogenesis and clinical implications of basic prin-
ciples in cancer biology ranging from early detection,
therapeutic approaches to cancer prevention.

In addition, with cancer stem cell hypothesis,
tissue or animal models resembling all the carcinogenic
steps found in human cancers can be accurately pro-
duced for experimental research and to study basic
cancer biology. There was a report that expression of
c-Met and c-Myc driven by the mammary-specific
promotor mammary tumor virus failed to produce carci-
noma in differentiated mammary cells. However, these
genes transduced into primitive cells could finally
produce mammary carcinomas®. This is an example of
application of cancer stem cell hypothesis.

Knowledge on stem cell niche is also very
helpful to understand stromal epithelial interactions
during tumorigenesis and tumor metastasis. Stem cell
“homing” receptors, for example CXCR4, play an impor-
tant role on metastases in various types of tumors such
as breast and prostate cancers®®!?, Cancer-associated
fibroblasts might have an effect on tissue angiogenesis
and consequently promote tumor growth and develop-
ment®2),

Moreover, knowledge in stem cell biology
could explain the clinical course of metastasis. Many
patients with newly diagnosed breast and prostate
cancers have micrometastasis in bone marrow demon-
strated by immunochemical staining®™. However, up
to 50% of these cases have not developed clinically
significant macroscopic metastasis. With increasing
knowledge in stem cell biology, this may be explained
by the concept of “tumor dormancy”. Metastatic cancer
stem cells may remain in quiescent G state and undergo
self renewal and differentiation processes only when
there is appropriate signal activation from their micro-
environment (their niche).

Symmetric and asymmetric divisions®141%)
Symmetric division is the process that occurs
during normal development. Symmetric stem cell self
renewal by symmetric division will result in stem cell
expansion. The process is tightly regulated by signals
from surrounding cells and tissues (microenvironment).
Stem cells then multiply and get into the processes of
proliferation, lineage commitment, cell migration, ter-
minal cell differentiation and then apoptosis of fully
differentiated cells. This is the main type of cell division
during organogenesis during embryonic period. Sym-
metric self renewal of stem cells also occurs in carcino-
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genesis. However, this process is dysregulated result-
ing in cancer stem cell development and expansion. If
these cancer stem cells are disseminated, they might
remain dormant or may be reactivated in metastatic
sites depending on signals from microenvironment. In
contrast, dissemination of differentiated tumor cells will
result in only clinically insignificant micrometastasis
because these cells have no self renewal capacity.

Asymmetric division is the different process
of cell division. During normal tissue homeostasis,
asymmetric self renewal of stem cells plays an important
role on stem cell maintenance and keeps the balance of
cell loss and replenishment in each tissue. From one
stem cell, there will be one stem cell and one transient
amplifying and lineage committed cell produced.

The in-depth knowledge of these differences
will be crucial for understanding and manipulating stem
cells and cancer cells for future therapeutic purposes.

Clinical application of stem cell knowledge and
technology in cancer medicine

Application of stem cell knowledge in cancer risk
assessment, early detection, and prevention

With cancer stem cell hypothesis, because
stem cells and progenitor cells are targets for trans-
formation and tumor formation, cancer risk will be
directly correlated to the number of stem cell targets. In
addition, pathways that involve in increasing the
amount of targeted cells should be considered in risk
evaluation. For example, BRCA1, the hereditary breast
cancer gene with previously unknown function, may
be involved in the regulation of normal breast stem cell
function®®. The dysregulation of epigenetic controls
of self renewal property has important influence on
carcinogenesis. As a result, this should be counted
into cancer risk estimation.

Markers for early detection of cancer will be
developed from good stem cell models. Currently used
tumor markers, such as CA125 for ovarian cancer and
PSA in prostate cancers, are produced from differentiated
tumor cells. If tumor markers from earlier stage of carci-
nogenesis can be identified, cancer screening would
also be more effectively performed at the early stage.

Moreover, there are studies on molecular
profiling and characterization of cancer stem cells. If a
variety of molecular profiling of cancer stem cells can
be mapped and correlated with clinical presentation,
the prediction of future clinical courses of newly diag-
nosed patients could be obtained more accurately. This
concept has already been tested and reported on for
human breast cancers1?.
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For cancer prevention based on cancer stem
cell hypothesis, the strategies should focus on reducing
stem cell numbers because they are important targets
for transformation and eventually carcinogenesis. Other
methods to induce apoptosis or differentiation with
less or loss of self-renewal capacity will finally decrease
the risk of cancer development. Newly proposed inter-
ventions are the methods that correct or inhibit aberrant
self renewal and differentiation of cancer stem cells
from the early stages before being fully transformed®,

Application of stem cell knowledge in cancer therapy®®

Cancer stem cell hypothesis will revolutionize
the main concepts of cancer therapy. Currently, the
standard measured outcome of antineoplastic agents
in both animal models and clinical trials is the shrinkage
of the tumor. Tumor response is traditionally defined
as the shrinkage of a tumor by at least 50%. However,
in advanced cancers, tumor regression often does not
correlate with increase in patient survival®. This might
be explained by the inherent resistance of cancer stem
cells to chemotherapeutic agents. The shrinkage of
the tumor in these cases is presumably just an effect
on the major differentiated cell component not the
minor cancer stem cell component.

Based on the cancer stem cell concept, assess-
ment of tumor response should be changed from
reduction in size which cannot demonstrate the effect
of antineoplastic agents on cancer stem cells. This
should be the new intermediate end point that can
reflect the effect on cancer stem cells and consequently
can precisely predict the clinical outcome. For instance,
time to tumor progression after antineoplastic agent
administration may more accurately reveal therapeutic
efficacy on cancer stem cells.

Apart from the measurement of tumor response,
chemotherapeutic agents themselves should be
developed or modified to directly target the cancer stem
cells. This would correct the underlying pathology at
the original point with hopefully better clinical out-
comes both in increasing survival time and preventing
tumor recurrence.

Application of stem cell knowledge in therapeutic
resistance

Normally stem cells have special properties
that support their survival and resistance to apoptosis.
During normal mammary involution following lactation,
there is massive apoptosis of differentiated cells,
whereas stem cells are spared and then regenerate in
subsequent pregnancies. In addition, hematopoietic
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stem cells in the bone marrow are not ablated by non-
myeloablative doses of chemotherapy and are able to
regenerate a normal hematopoietic system after only
several weeks. As with normal stem cells, cancer stem
cells may also display increased resistance to chemo-
therapeutic agents compared with more differentiated
cells that mainly comprise the bulk of tumors.

There are several molecular mechanisms
that may contribute to the resistance to antineoplastic
agents and to apoptosis of cancer stem cells. These
might include (1) cell cycle kinetics. Most cancer stem
cells are not cycling and are in G, and thus are resistant
to cell cycle-specific chemotherapeutic agents®@. (11)
DNA replication and DNA repair mechanisms. Stem
cells may be resistant to DNA-damaging agents by
being able to undergo asynchronous DNA synthesis
in addition to displaying enhanced DNA repair(?23.
(111) During asynchronous DNA synthesis, the parental
“immortal” DNA strand is always retained in the stem
cell and not the differentiating progeny. This process
may be regulated by P53. This prevents the stem cell
compartment from accumulating mutations associated
with replication or from being affected by DNA-damag-
ing agents®. (IV) Antiapoptotic proteins. Stem cells
express higher levels of antiapoptotic proteins, such
as members of the Bcl-2 family and inhibitors of ap-
optosis, than do differentiated cells®. (V) Transporter
proteins. Stem cells express higher levels of transporter
proteins, such as ABCG2 (BCRP), as well as P-glyco-
protein@.

The development of immunologic approaches
to cancer therapy may also be influenced by the con-
cept of cancer stem cells. Many of these therapies have
mainly involved attacking cells that express tumor-
specific antigens. Most of these antigens are exclu-
sively expressed in differentiated tumor cells. Cancer
stem cells that do not express these antigens may
consequently not be affected by immunologic based
interventions.

Future directions

Targeted therapy is currently a promising
concept for cancer treatment. Imatinib targeting BCR-
Abl is quite successful in CML cases. The majority of
patients have gone into the remission phase by imatinib
treatment. However, after withdrawal of Imitinib, the
diseases reappeared with the kinetic pattern predictable
by a stem cell model®. As a result, to eradicate cancer
a therapeutic approach that directly targets cancer stem
cells is certainly required. Nevertheless, this approach
must spare normal stem cells to maintain homeostasis.
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This is quite a challenging issue because normal stem
cells and cancer stem cells have shared many common
pathways especially in the self renewal property.

Conclusion

With more data and evidence supporting
cancer stem cell hypothesis, traditional concepts in
cancer approaches will necessarily be revised. To era-
dicate cancer, elimination of cancer stem cells is
definitely needed while preserving normal stem cells.
More understanding in cancer stem cell biology will be
an important basis for developing new approaches for
both cancer diagnosis and treatment. Hopefully, future
cancer management will be consequently more effective
and safer with advances in stem cell knowledge and
technology.
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