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Human Adult Stem Cells as the Target Cells for the Initiation
of Carcinogenesis and for the Generation of "Cancer Stem Cells"

James E. Trosko

Department of Pediatrics/Human Development, College of Human Medicine,
Michigan State University, East Lansing, Michigan 48824, USA

The inference to stem cells has been found in ancient myths and the concept of stem cells has existed in the fields
of plant biology, developmental biology and embryology for decades. In the field of cancer research, the stem cell
theory was one of the earliest hypotheses on the origin of a cancer from a single cell. However, an opposing hypothesis
had it that an adult differentiated somatic cell could "de-differentiate” to become a cancer cell. Only within the last
decade, via the "cloning" of Dolly, the sheep, did the field of stem cell biology really trigger an exciting revolution
in biological research. The isolation of human embryonic stem cells has created a true revolution in the life sciences
that has led to the hope that these human stem cells could lead to (a) basic science understanding of gene regulation
during differentiation and development; (b) stem cell therapy; (c) gene therapy via stem cells; (d) the use of stem
cells for drug discovery; (e) screening for toxic effects of chemicals; and (f) understand the aging and diseases of aging
processes.
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Introduction: The role of stem cells to maintain
the "state of immortality" in an "mortal
multicellular being"

While it might be argued that a single cell organism,
such as a bacterium, is an immortal cell, during the course
of biological evolution, new phenotypes emerged that pro-
vided survival advantages when cells organized into a co-
hesive society of cells to form a multi-celled organism.
While temperature, availability of nutrients, pH, atmos-
pheric factors, and radiation influenced the growth regu-
lation of these single cell organisms, stability for the spe-
cies was maintained by the genetic information that pro-
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tected by a relatively error- free DNA repair and DNA
replication system. The single cell organism species sur-
vived the inevitable changes of environment, in which it
found itself, simply by being able to proliferate via a sym-
metrical cell division to achieve a large population, in
which only a few mutations occurred, bearing on its abil-
ity to survive a new environment.

In the multi-cell organism, a "Faustian bargain", of
sorts, was made for new adaptive features that allowed this
collection of cohesive cells to survive to maintain the
species. Of course, while most of the factors that con-
trolled cell growth of the single cell organism are relevant
for the individual cells of the multi- cell organism, in-
ternal or endogenous growth control was needed to regu-
late the many cells within the multi-cell organism.
Moreover, some cells gave up ordinary "self replication"
ability in order to provide highly specialized adaptive
function for the survival advantage of the whole organism.
Thus, the process of "differentiation" appeared, together
with the mechanism that allowed "asymmetric cell divi-
sion" to supplement the process of symmetrical cell
division. This unique feature of a cell's ability to pro-
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liferate either by symmetrical cell division (to increase the
cell numbers of like-type cells) or by asymmetric cell divi-
sion (to maintain homeostatic levels of daughter-like
mother cell but to allow the formation of a differentiation
of a specialized cell) is a "hallmark" of a multi-cell
metazoan. In addition, as a consequence of this differ-
entiation process was the induction of "mortality" of both
the specialized differentiated cell and ultimately, the
whole organism. A unique form of cell death, programmed
cell death or apoptosis also appeared that aided in allow-
ing the multi-cell organism to acquire new adaptive
features. The transition of the single cell, fertilized egg to
a larvae, pupae and butterfly, for example, required speci-
alized cells at each phase of development (food acquiring
genes/phenotypes) to give way to newer specialized cells
that ultimately provided the end-product of development
of wing muscles for an adult butterfly to mate, and pass
on the genes to maintain the species.

Clearly, while almost all the cells of the multi-cell or-
ganism contain the total genomic information of the spe-
cies, only a portion of those genes are expressed in each
specialized cell. Therefore, the process to regulate, cor-
rectly, specific battery of genes from the total genome
must have emerged during this evolutionary transition
from the single cell organ to the multi-cell organism.

In order that the individual, mortal, multi-cellular or-
ganism help to maintain the survival of the species to
which it belonged, the formation of both germinal stem
and somatic or adult stem cells was required. The relative
genomic stability had to be maintained in the germ stem
cells, with occasional mutations occurring, to give the spe-
cies a reservoir of new genetic options to adapt to the in-
evitable environmental changes. Seen in this manner, the
multi-cellular organism's germinal stem cells were immor-
tal, while the mortal individual was only the transient car-
rier for these immortal stem cells.

The somatic stem cell also emerged during this evolu-
tionary transition from the single cell "immortal" organ-
ism to the mortal individual multi-cellular organism that
carried immortal germ cells. In order to pass through its
various development stages (embryo, fetus, neonate, ado-
lescent, mature and geriatric stages), processes to provide
the whole organism enough cells for growth, differ-
entiation, as well as for wound-healing and death due to
apoptosis, had to emerge. The development of a unique
type of stem cell, which had the ability to self-renew (the
two daughter cells having retained the ability be a stem
cell as the mother cell), as well as to divide asymmetrically
for the production of one daughter to maintain "stemness",
including maintaining immortality, and the other to be a

‘transit-amplifying" cell, committed to have a finite life
span that could differentiate, senescence or apoptosis.

In contemporary terms, there seems to be a number of
stem cell types. The "toti-potent" stem cell is the fertilized
egg, meaning it can give rise to all cell types (approxi-
mately 200 in the case of the human being) and the re-
producing individual with both the germinal and somatic
stem cells. The germinal stem cell can give rise, ulti-
mately, to either sperm or eggs. It resides in its special
niche (1). As the embryo starts to form from the fertilized
egg, (blastomere, gastrula, etc (2)), the toti-potent stem
cell starts to restrict the daughter stem cells' ability to give
rise to a whole individual, but still maintains the ability
to give rise to all the other somatic cell types. These are
"pluri-potent” stem cells. As the embryo transits to the fe-
tal stage, the micro-environmental changes, which, in all
likelihood, provides different signals to regulate different
genes to adapt to this new situation. Illustrating this beau-
tiful cybernetic relationship between selectively regulating
specific genes out of the total genome by a cascading
self-inducing sequence as development proceeds is the de-
scription of this process by C. Markert (3):

"Cells interact and communicate during embryonic develop-
ment and through inductive stimuli mutually dirvect the di-
vergent courses of their differentiation. Very lttle cell differ-
entiation is truly autonomous in vertebrate organisms. The
myriad cell phenotypes present in mammals, for example, must
reflect a corresponding complexity in the timing, nature, and
amount of nductive interactions. Whatever the nature of in-
ductive stimuli may be, they emerge as a consequence of specific
sequential interactions of cells during embryonic development.

The first embryonic cells, blastomeres, of mice and other
mammals are all totipotent. During cleavage and early morpho-
genesis these cells come to occupy different positions in the
three-dimensional embryo. Some cells are on the outside, some
wside. The different environments of these cells cause the cells
to express different patterns of metabolism in accordance with
their own developing programs of gene function. These patterns
of metabolism create new chemical environments for nearby
cells and these changed environments induce yet new programs
of gene function in responding cells. Thus a progressive series
of reciprocal interactions is established between the cellular en-
vironment and the genome of each cell. These interactions drive
the cell along a specific path of differentiation until a stable
equilibrium 1s reached in the adult. Thereafter little change oc-
curs in the specialized cells and they become remarkably re-
fractory to changes in the environment. They seem stably locked
wnto the terminal patterns of gene function characteristic of
adult cells. The genome seems no longer responsible to the sig-
nals that were effective earlier in development.
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Of course, changes can occur in adult cells that lead to re-
newed cell proliferation and altered differentiation as seen in
neoplasms, both bemign and malignant, but such changes are
very rare indeed when one considers the number of cells poten-
tially available for neoplastic transformation. Possibly, muta-
tions in regulatory DNA of dividing adult cells can occasionally
lead to new and highly effective programs gene function that
we recogmize as neoplastic or malignant. However, most genetic
changes in adult cells can probably lead to cell death since ran-
dom changes in patterns of gene activity are not likely to be
beneficial."

As developmental processes and the internal micro-envi-
ronment must become more unique, the new adult or so-
matic stem cell, itself, is restricted further in its ability
to be a pluri-potent-like stem cell. This new adult stem
cell is referred to as a "multi-potent" stem cell. These cells,
in turn, can give rise to another restricted ability to give
rise to different specialized cells. Again, further develop-
ment limits derivatives of these multi-potent stem cells to
become bi-polar stem cells, such as the "oval" cells of the
liver (4). Lastly, the final restriction of these bi-polar stem
cells is a "uni-polar" stem cell that only gives rise to a sin-
gle differentiated progeny. The offspring of these stem
cells that lose the ability to proliferate asymmetrically, but
not symmetrically, are consider to be life-span limited (the
"Hayflick phenomenon" (5)). These cells eventually sen-
esce or die by terminal differentiation or apoptosis.

Over-arching all of this is the critical idea that one of
the most important evolutionary developments in the
emergence of the multi-cell organism is the appearance of
a gene or several genes that responds to micro-environ-
mental triggered signals that direct the cell to divide ei-
ther symmetrically or asymmetrically. This might be one
of the most important genes to study (6), in view of the
observation that, within the stem cell theory of cancer,
dysfunction/dis-regulation of asymmetric cell division
seems to be involved early in the carcinogenetic process
(7). In addition, the delicate function of maintaining the
"immortality" of the genome for the perpetuation of a mul-
ti-cell species has to be done within a "mortal" individual
consisting of 200 terminally-differentiated cell types and
some immortal germ and adult stem cells.

The state of understanding the restriction or differ-
entiation of the toti-and pluri-potent stem cells follows a
"time's arrow" course (i.e., only one way) or whether all
their progenitor-differentiated daughters can be "re-pro-
grammed" to totally de-differentiate back to the embryonic
stem cell is still in a state of flux (8). While there does
seem to be solid evidence of "transdifferentiation" of some
cells [white fat cells to brown fat cells (9)], the evidence

that this process is yet complex in the laboratory and pos-
sibly limited in vivo because of developmental and aging
factors.

The concept of a stem cell being immortal is also com-
plicated by current conceptual and experimental contra-
dictory reports. One view has any stem cell (both embry-
onic and somatic/adult stems) is naturally "immortal" un-
til it is induced to terminally differentiate or to become
"mortal". Experimentally, the observation that these stem
cells seem to demonstrate genomic instability after sig-
nificant cell divisions (10). This might be due to inevitable
errors in replication of DNA, as the stem cells proliferate.
On the other hand, this might be the consequence of in-
adequate in vitro culturing conditions, such as growing
the cells in an oxygen rich environment (11), on substrates
and micro-environmental factors different from the natu-
ral niche microenvironment found in vitro (12).

Role of stem cells in carcinogenesis: clues to
stem cell biology

The origin of the concept of stem cells must have had
a very long history, even though its articulation in modern
terms might not be recognized. From the idea of the early
Greek myth of Prometheus; of the "Perfectibility of Man"
(13), to the early studies on the generation of whole plants
from root tips, or regeneration of parts of the hydra, to
regeneration of a limb of an amphibian, to the realization
of continuous replacement/regeneration of tissues, such as
the skin, lining of the intestine or blood, and to the hy-
pothesis of the origin of cancer, the idea of a special cell
in the multi-cell organism had to emerge. The fields of
embryology and developmental biology had to incorporate,
implicitly or explicitly, the concept of the stem cells.

In another field, i.e., the cancer researchers accepted the
generalization that cancer cells were immortal and that
there existed many different genotypes and phenotypes of
the cells within any tumor. The image of cancer as a
"disease of differentiation" (14), "cancer as a stem cell dis-
ease" (15-17), "oncogeny as partially blocked ontogeny"
(18) were usually seen as supporting the idea that in the
adult organism, there existed an adult stem cell. The fact
that, while the individual cells within the tumor could be
either or both genetic and phenotypically different, they
were shown to have had their origin in a single cell. The
mono-clonal origin of cancers, again, was easily in-
corporated into the stem cell theory (19, 20).

The link between development and cancer was also not-
ed with various human genetic syndromes, in which the
susceptibility to a teratogenic defect was linked to a high
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risk to some risk to specific or multiple cancers (21). In
point mutation- cancer prone syndrome, such as Fanconi's
anemia (22) or xeroderma pigmentosum (23), one can find
development defects. In the chromosomal mutation- asso-
ciated Downs syndrome, the many developmental anoma-
lies, are associated with only pre-mature aging and leuke-
mia (24).

Even more evidence linking developmental defects and
cancer comes from agents that can affect both terato-
genesis and carcinogenesis. Of course, in the case of he-
reditary induction of both birth defects and cancer predis-
position in the same individual by either point gene or
chromosomsal mutations, it is even more interesting that
many agents, that are not mutagenic, can contribute to
both teratogenic process and to the carcinogenesis process.
The examples of thalidomide as a well-know human tera-
ogen (25) is now being utilized as an anti-cancer agent by
blocking angiogenesis (26). Another non-mutagenic agent,
retinoids, are also human teratogens (27). At the same
time there is evidence these compounds can be either che-
mopreventive/chemotherapeutic agents (28) or they can be
tumor promoting agents (29).

The question raised is: What might be a 'shared' under-
lying link between teratogenesis and carcinogenesis, as
well as a link to stem cells, specific genes and to environ-
mental/dietary agents that can influence both teraogenesis
and carcinogenesis. The finding that an evolutionary- con-
served set of genes, the "connexin" genes (30, 31), has been
linked to stem cell biology (32), differentiation/develop-
ment (33), growth control (34, 35), apoptosis (36), onco-
genes and tumor suppress genes (37), and to teratogenic,
tumor promoting chemicals, as well as being a shared
mechanism in many chronic diseases (38-40).

Thus, abnormal gap junctional intercellular communi-
cation, based on expression and function of the connexin
genes, might be that shared underlying mechanism link-
ing teratogenesis and carcinogenesis.

To understand the aforementioned generalizations, the
major concept of the multi-stage, multi-mechanism proc-
ess of carcinogenesis could help unite the stem cell con-
cept with the process of cell-cell communication. When a
single cell in an adult organism is exposed to an agent
that can cause that cell to become "immortal", it is re-
ferred to as being "initiated" (Fig. 1).

This process, operationally, is irreversible. Several ani-
mal models have supported this concept (41, 42), in addi-
tion to human epidemiology results that clearly suggest
that carcinogenesis is not a 1-hit process (43). In the usu-
ally accepted paradigm, this single normal, "mortal" cell
is immortalized, presumably by a mutational event in ei-
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Fig. 1. Diagram illustrating the potential origin of two types of
non-gap junctional communicating cancer cells, either due to the
original target cell being an adult stem cell that did not transcrip-
tionally express its connexin genes (HelLa and MCF-7- type tumors).
Many cancer cells have expressed connexins, but they have
non-functional gap junctions. This could be due either to mutations
or posttranslationally modified connexin proteins, caused by ex-
pressed oncogenes. These tumor cells might have been derived
from adult stem cells that expressed connexins before the loss of
Oct-4A expression, due to induced partial differentiation by mi-
cro-environment changes.

ther a critical proto-oncogene or tumor suppressor gene
(44). However, a stable "epigenetic" alteration has not been
rigorously ruled out as being an "initiator". In fact, given
that patterns and types of human childhood cancers seem
to be different from adult cancers, and given that ter-
atomas and childhood cancers seem to be more "primitive"
than the adult tumors, epigenetic mechanisms might be
playing a greater role in the earlier appearances of these
tumors and possibly in the more successful treatments of
these tumors compared to adult tumors.

However, just because the organism has initiated cells,
it does not automatically mean the organism will get a
cancer before death. That single initiated cell must be clo-
nally expanded, during which time, addition changes oc-
cur that allow it to acquire the "hallmarks" of cancer (45).
This process of promotion helps to define the functional
aspects of what "initiation" is. The "immortal" initiated
cell, once stimulated to divide, appears to divide only
"symmetrically". Initiation, then, is the process that allows
an immortal, stem-like cell to divide only symmetrically.
Asymmetrical cell division is, in effect, blocked in the ini-
tiated cell under normal conditions.

Promotion is the process by which the single "immortal-



12 International Journal of Stem Cells 2008;1:8-26

ized" initiated cell can proliferate, symmetrically, to ex-
pand the numbers and to not die by apoptosis (46). The
combination of increasing cell proliferation without cell
death leads to an accumulation of abnormal cells in a
tissue. The papilloma in the skin, the enzyme-altered foci
of the liver, the nodule of the breast and the polyp of the
colon are examples of these expanded initiated cells via
the promotion process. Promotion is a process that is
caused by stimulating the initiated cell to proliferate by
releasing the initiated cell from surrounding mito-
genic-suppressing effects mediated by gap junctional in-
tercellular communication (GJIC) of contiguous neighbor-
ing cells (47) or by secreted negative growth factors (48).
Unlike the initiating event that can occur almost instanta-
neously in a gene (DNA damage, error-prone repair of
that damage, and creation of a mutation or a mutation
caused by an error of DNA replication), promotion must
occur because (a) the threshold level of mitogenic signal-
ing by non-mutagenic chemicals, growth factors, cyto-
kines, by inflammatory agents (bacterial, viral, fungal, sol-
id particles) or by compensatory hyperplasia caused by
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cell removal or cell necrotic death.; (b) exposure occurs
over a regular interval; (c )occurs for a long period of time
and (d) occurs in the absence of anti-promoters (49).

Most, if not all, tumor promoting conditions are asso-
ciated with the reversible down regulation of GJIC (37-50).
The reversible down regulation of exogenous tumor pro-
moters explains the observation that phorbol ester pro-
moted papillomas of mouse skin can regress if the promo-
tion application of phorbol ester is stopped (51) or if
agents can prevent the down regulation of GJIC by the
promoter, such as chemopreventive chemicals such as
green tea components, resveratrol, etc. (49).

Progression is the final operational step that allows a
single initiated cell to escape, stably, the dependence on
an external (i.e., phorbol ester) or endogenous (i.e., estro-
gen) tumor promoter for expansion. At this point, all the
many genotypic and phenotypic changes needed for the
initiated cell to invade, with its own growth stimulating
factors acting as its endogenous promoter, the original tis-
sue and to metastasize to a distal site.

Interestingly, oncogenes, such as ras, neu, mos, raf, src,
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Fig. 2. In this diagram, a normal adult stem cell is shown dividing asymmetrically to form one daughter that is committed to ultimately
terminally differentiate. The other daughter is designated to be identical to its mother adult stem cell (Oct-4+). If that adult stem cell
is exposed to some condition that prevents asymmetrical cell division, but does not suppress the Oct-4 expression, it is operationally an
initiated cell. That is, if mitotically stimulated to divide, it divides symmetrically to form two initiated, non-terminally differentiated cell.
Initiation is, then, defined as the process that prevents an "immortal" normal adult stem cell to terminally differentiate or become "mortal".
These adult initiated stem cells are still Oct-4 positive or benign cancer stem cells. As these initiated Oct-4+ cells are stimulated to proliferate
and resist apoptosis, the growing benign tumor micro-environment changes, some of these initiated Oct-4+ cells can partially differentiate
into "cancer non-stem cells" [Oct-4 negative]. Eventually, additional stable mutational or epigenetic events occur, providing the benign
Oct-4+ cancer stem cells to become invasive, metastatic "cancer stem cells".
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can stably down regulate GJIC (37). Therefore, the pro-
gression phase of carcinogenesis might be when the GJIC
or the mitogenic suppression by a negative secreted factor
of an initiated cell is stably down-regulated.

Now to examine the question, "What is the nature of
that single cell that can be initiated to start the mul-
ti-stage, multi-mechanism process of carcinogenesis?" As
stated earlier, the prevailing idea was that a normal, mor-
tal, differentiated cell could be "immortalized" during the
initiated step. This concept has been supported by the ob-
servation that, first, an immortal cell could be isolated
from a primary rodent cell population with the trans-
fection of the myc oncogene. Once immortalized, trans-
fection of these immortalized cells with the ras oncogene
led to neoplastically-transformed cells (45). Implicit in the
paradigm, based on this experiment and its interpretation,
"de-differentiation" or "re-programming" of differentiated
somatic cells occurred when the myc oncogene was in-
tegrated and expressed. Only when the cells were
"immortalized" could they escape senesce and proliferate
indefinitely to accrue all the other changes need for ac-
quiring the "hallmarks" of cancer.

However, as will be discussed in more detail later, there
is another interpretation. The new interpretation chal-
lenges this mortalization to immortalization process of ini-
tiation (8). The alternative hypothesis refers to the older
idea that the single cell in the adult tissue that is initiated
is the normal, immortal adult stem cell. In this hypothesis,
adult stem cells, which exist in most, if not all, adult tis-
sues, are the target cells for initiation. If the initiated gene
somehow blocks the normal, immortal adult stem cell
from terminal differentiation (i.e. blocks its ability to di-
vide asymmetrically), it will still be able to divide sym-
metrically to produce two daughter initiated cells that
cannot differentiate or apoptose under normal conditions.
As a result this initiated adult stem cell, upon mitotic
stimulation, will accumulate, as it can not terminally dif-
ferent, senesce or apoptose. Each time it is stimulated to
divide, it has the chance to produce more genetic and epi-
genetic changes needed to become a metastatic cell (Fig.
2).

iPS cells: mortality to immortality?

An amazing series of reports have appeared in the last
few months, based on the assumption that reprogramming
of genes in a differentiate cell could be accomplished by
restoring the activity of a small number of genes thought
to be responsible for maintaining "stemness" of embryonic
stem cells (52-71). Included in these first attempts were

the genes, Oct4, Sox2, c-Myc, and KIf (51). The approach
was to integrate these exogenous "stemness' genes into
adult differentiated skin fibroblast cells. With successful
isolation of mouse, monkey and human embryonic-like
stem cells, using several variations of this approach, the
emergence of the iPS (induced pluripotent stem) cells
opened up a new potential approach to circumvent the
ethical, political and legal issues related to isolating hu-
man embryonic stem cells (72), and overcoming a few of
the serious medical issues related to stem cell therapy.
The major problem that could be overcome is the immune
rejection of any iPS that might be isolated, manipulated
ex vivo and used for therapeutic replacement of tissues of
the donor individual, now to be the recipient of his/her
own iPS-derived cells.

However, the technique used in these early iPS studies
still carry greave limitations for their use, the first is that
the definition of an embryonic stem cell or iPS-embry-
onic-like stem cells is a functionality test, namely these
cells must produce teratomas when placed back into an
adult animal. In addition, genetically engineering the pri-
mary differentiated cells, either with transfection techni-
ques or with the use of gene-carrying viruses, induces the
possibility of insertional mutagenesis, together with gene
imbalances which might alter gene expression. To use
these iPS cells, ex vivo, to produce specific cell types, i.e.,
specific neurons, insulin-producing beta-cells, osteoblasts,
etc., has its own difficulties, in that, "Are these iPS-embry-
onic-like stem cells capable in vitro to accurately re-capit-
ulate the exact gene patterns in the total genome that re-
produces what happens naturally during development of
that particular cell type." Also, to replace the in vitro-iPS-
derived differentiated cells, when replaced back into the
adult patient, would, in most cases, have to be repeated
because the differentiated cell would eventually die. If the
pool of iPS-derived cells contained a few iPS-embryonic-
like stem cell, there is, then, a possibility of a teratoma
being formed. If future techniques can eliminate these
iPS-embryonic-like stem cells from forming teratomas
when placed in the adult micro-environment, there might
even be the chance that these cells when placed into the
organ needing tissue replacement, can be "re-programmed"
by the specific micro-environment to differentiate into the
correct cell type. If this iPS procedure will replace all oth-
er embryonic stem cell approaches, not only over coming
its own therapeutic limitations be important, but under-
standing the basic mechanisms of "re-programming" the
molecular events will be required in order to regulate spe-
cific genes out of the total genome that determine the spe-
cific cell type needed for the therapy.
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There is, however, another potential explanation of the
successful isolation of iPS cells. While it is very obvious
isolation of these iPS can be done, challenges to the inter-
pretation of these studies has been reported (72-74).
Fundamentally, these reported challenges to the inter-
pretation that the iPS cells were "re-programmed" adult
somatic differentiated cells pointed out that the true ori-
gin of these iPS cells was not determined. This point was
raised in a short analysis of these reports of iPS (75).

An alternative view of the origin of these iPS cells,
which is found in the Trosko (8) report came from re-
search on the stem cell theory of cancer. Probably the
strongest evidence in support of the adult stem cell as the
target cell to initiate the carcinogenesis process comes
from the study of leukemia (76). However, another series
of cancer studies on solid tumors comes from observations
not cited by the stem cell biologists. They started with the
old observations that one of the general distinctions be-
tween normal cells and cancer cells was the lack of
"contact-inhibition" (77) and gap junctional intercellular
communication (GJIC) in cancer cells (78). Later, studies
linking gap junctions with differentiation and develop-
ment (33) were made. However, an unlikely source of the
critical observation linking stem cells with neoplastic
transformation came from the experiments designed to
understand the inconsistent results, using embryonic
Syrian hamster cells, to test carcinogens (79). The final
resolution of this problem, which is rarely cited, was that
if the population of embryonic Syrian hamster cells did
not include "contact-insensitive" cells, no matter how hard
one tried to neoplastically transform this population, no
transformants were recovered. Our lab, which was study-
ing gap junctional intercellular communication at the
time, as well as being believers in the stem cell theory of
carcinogenesis, assumed that these normal "contact-in-
sensitive" cells were adult stem cells in the primary
culture.

With this idea in mind, we felt in human beings, adult
stem cells must exist in all organs from which tumors
arise. We then designed a "kiss of death" assay to detect
and isolate these presumptive adult stem cells (80). In
brief, we assumed all normal tissues would contain at least
three types of cells, namely, the few stem cells; the many
transit-amplifying or progenitor cells and the termi-
nally-differentiated cells. Given the knowledge at that
time, we knew that the progenitor cells and many termi-
nally differentiate cells express gap junctions at least in
some time of their differentiation, we felt that the adult
stem cells, in a tissue, surrounded by their GJIC-com-
petent cells, had to be sequestered from their progeni-

tor/differentiated daughters either by some physical bar-
rier or by the lack of functional gap junctions. Clearly,
if an adult stem cell communicated directly via gap junc-
tions with their differentiated progeny, they would lose
their primitive gene expression identification of "stemness".
Our "kiss of death" assay was based on using a lethally-ir-
radiated human fibroblast layer (these fibroblasts commu-
nicated with each other even in this condition). On this
"feeder-layer", we placed disassociated cells from normal
kidney tissue. The progenitor cells coupled with the dying
fibroblast and in a few days they died (did not proliferate).
The terminally differentiated cells, by definition, also, did
not proliferate. However, after a week, small colonies of
cells appeared, which were shown later to be absent of
GJIC and have the ability to differentiate and have a key
marker for "stemness", namely, Oct-A gene expression (81,
82). As a control, we tested 10 human carcinoma cells,
which were known not to have functional GJIC. All of
these cancer cells grow into colonies. Later, a number of
other human epithelial adult stem cells were reported to
lack functional GJIC (83).

However, these normal stem cells were shown, not only
to meet the definition of what a stem cell should be (have
self-renewal and differentiation potential), but also that
they could be neoplastically transformed. Historically, one
must remember, only of few reports of the neoplastic
transformation of human fibroblast and epithelial cells
have been made.

The origin of the few that were claimed to have been
neoplastically transformed were not identified as using
"immortalizing viruses", such as SV40 or human papil-
loma viruses or being transfected with hTERT.

In these reports, investigators recovered "immortalized"
human cells from normal primary cultures of adult tissues
(84-87). Many of these immortalized" cells could then be
neoplastically transformed. All of this supports, on the
surface, the idea that these normal human primary cell
populations could be "re-programmed". Moreover, it tend-
ed to support the hypothesis that one must first
"immortalize" a normal "mortal" cell in the primary cul-
ture before it could be neoplastically transformed (44).

Alternatively, since the normal adult cell is "immortal"
until it is induced to "mortalize" or terminally differ-
entiate, apoptose or senesce, it will remain immortal. If
a virus, such as the SV40, human papilloma, or human
hepatitis, blocks the immortal normal adult stem cell from
terminally differentiating, apoptosing or senescing, it will
remain immortal. It does not become "reprogrammed" to
the stem cell state. In fact, it has now been blocked from
normal programming of differentiation, apoptosing or
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senescing.

In a series of reports on the isolation and partial charac-
terization of human breast stem cells, it was shown that
these cells could differentiate into human breast epithelial
cells, form true-like mammary structures, transit from a
completely mutually exclusive set of genes in the stem cell
state to another set in the differentiated state (88). Later
after exposure to SV40, clones were obtained that were
"immortalized" or more accurately, blocked from "mortali-
zation", which maintained most of the marker genes of the
normal stem cells. After X radiation, a few clones were
obtained that, again, maintained these critical stem cell
marker genes and were weakly tumorigenic. After trans-
fection of these weakly tumorigenic cells with the neu on-
cogene, clones of highly tumorigenic cells were isolated
(89). Again, these cells maintained the critical set of ex-
pressed genes found in the original normal adult human
breast stem cells (89). Much later, these, and other normal
human adult stem cells were shown to express the Oct-4A
gene and not express the connexin genes or have func-
tional GJIC (83). In summary, these results demonstrate,
directly, that the Oct-4A gene was not "re-programmed"
during this process of becoming "immortalized" and of be-
coming neoplastically transformed.

One addition implication of these findings is that the
claim that viruses can cause cancer might have a logical
foundation in these observations. If after exposure to nor-
mal human organs, which contain adult stem cells, any
virus that might infect an adult stem cell might prevent
that stem cell from differentiating, apoptosing or
senescing. In effect the virus has "initiated" this adult stem
cell. As a result, this cell could live long enough to accrue
addition changes to become a malignant cell.

An addition significant observation has been made with
regard to the interpretation of iPS cells being the result
of "re-programming" of differentiated cells. In the study
where mouse iPS cells were isolated from primary cultures
of mouse heptocytes, a comment was made in the paper
(71), namely: "The mechanism of iPS cell induction, however,
is unknown. Low efficiency of iPS cell induction suggests that
their origins may be of undifferentiated stem cells co-existing
wn fibroblast culture. ...Most of them were also positive for
B-gal, indicating that iPS-Hep cells were derived from hep-
atocytes or other albulmin-expressing cells, but not from un-
differentiated cells that do not express albumin." However, in
the isolation of human liver stem cells (90), the liver stem
cell, an undifferentiated cell, by definition, expresses, not
only Oct-4, but also the albumin gene and protein. This
further provides evidence that the origin of these iPS cells
was not the "re-programming” of differentiate hepatocytes

but the selection of the adult liver stem cells.

Adult stem cells, cancer stem cells and cancer
non-stem cells

If the aforementioned hypothesis is correct, namely,
that the adult stem cell is the target cell for initiating the
carcinogenic process, then one might be able to test part
of this hypothesis by looking a one of the markers for
these adult stem cells, namely, Oct4A in spontaneous
tumors. To begin, it is already known that all tumors lack
functional GJIC, either because they never express their
connexin genes or that the expressed connexins are ren-
dered non-functional by expressed oncogenes (48). In the
case of initiation/promotion models, such as the rat liver
studies (42), the lesions appear to express connexins and
have functional GJIC, until exposed to tumor promoting
chemicals, such as penobarbital, known to reversibly in-
hibit GJIC (91-94). On the other hand, there are tumor
cells that do not express any connexins (95, 96). Yet, when
cell lines are derived from tumors and growth in vitro, the
micro-environment changes, as it does in vivo.

Even in the case of Hela cells, cells that, when cultured,
under certain conditions, have no expressed connexins or
functional gap junctions. However when grown under an-
other condition, such as co-cultured with HL-60 leukemic
cells or with normal fibroblasts, both cell types can be
shown to be coupled by gap junctions (97, 98). Even when
one examines the promoted lesions of a rat liver, one can
detect "clones within clones", or in general, there are sub-
populations within all tumors. The interactions, both by
direct contact and by secreted factors, influence the
growth of the whole tumor (99). This indicates that, as
an initiated cell is promoted, soon, additional genetic/epi-
genetic changes occur due to micro-environmental
changes. Eventually, a single initiated cell accrues all the
hallmarks need to invade and metastatize. During that
process, the original adult stem cell, when initiated
(blocked from asymmetric cell division or terminally dif-
ferentiation), starts to grow. As the clone of initiated cells
growths, the micro-environment changes between the ini-
tiated cells and the neighboring normal cells [There will
be stromal-epithelial interactions (100-102), as well as in-
teractions between the initiated cells and themselves in
the interior of the tumor (103)]. The induced intracellular
signaling, caused by these micro-environmental changes,
are bound to alter gene expression (104).

The altered gene expression in these initiated cells
could induce some genes that could induce apoptosis, par-
tial differentiation or senescence in these cells. These cells
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might be the so-called "cancer non-stem cells".

Given the hypothesis that the normal adult stem cell is
the target cell for initiation, and that initiation blocks the
stem cell from terminal differentiation, it was reasonable
to expect that tumors contain "cancer stem cells". These
would be the cells that helped to sustain the long term
growth of a tumor. When cells were isolated from tumors
that were either able or not to perpetuate the tumor (105,
106), a large number of "cancer stem cells" from many dif-
ferent types of tumors have been and are continuing to
grow (107-122). With the demonstration that Oct-4 gene
was considered a stem cell marker (83), not shown to be
found in normal tissue, but found in various tumors
(123-125), it was hypothesized that this Oct-4 gene was
re-expressed during the carcinogenic process. This re-
flected the prevailing paradigm that a normal differ-
entiated somatic cell had to be "reprogrammed". However,
since our laboratory had isolated many human adult stem
cells from various tissues (kidney, breast, pancreas, mesen-
chyme, liver, intestine) (80, 126-132), we were able to dem-
onstrate that all of these normal adult organ-specific stem
cells expressed Oct-4A and did not express connexin genes
or have functional GJIC (32, 83).

Moreover, in tumors from these organ sites, all ex-
pressed Oct-4A within the tumor and in cancer cell lines,
such as Hel.a and MCF-7 (8, 83). Oct-4 has also been
shown in other cancer cell lines (133). This, in fact, sug-
gests that primary cell lines, that eventually senesce or go
through "crises", do so because the few stem cells have
been diluted out during subsequent passages and that the
progenitor cells exhibit the "Hayflick phenomenon" (5).
Immortal and cancer cell lines must, by definition, in-
clude stem cells that have been initiated or initiated and
neoplastically converted to become cancer stem cells.

In both cell culture and within the tumor, one would
expect the micro-environment to change so as to induce,
differentiatially, altered gene expression causing some of
these Oct-4 cells positive cells to repress its expression.
This would cause these cells to eventually cease to pro-
liferate indefinitely.

Upon testing the hypothesis that the Oct-4A positive
cells within a tumor were the "cancer stem cells", it was
shown that Oct-4A positive cells were found in 100% of
the 21 canine different tumor sites (123). Later, it was
shown to be expressed in most of the human bladder tu-
mors examined for Oct4 (124). Still later, Oct-4 was ob-
served in human oral cancers (125). What was also shown
in all these tumors was the ratio of Oct4 positive cells to
Oct-4 negative cells varied widely. Even when one exam-
ined the cancer cell lines, HeLLa and MCF-7 cells, the pop-

ulation of cells exhibited a mixture of Oct-4 positive to
Oct4-negative cells. The implications of this for both mo-
lecular/biochemical studies of cell lines derived from tu-
mors or from the tumors themselves is that one needs to
be cautious of the results because these cell line and tu-
mors are not homogeneous. That especially relates to
many DNA micro-array studies which would be the net-ef-
fect of a mixture of cancer-stem cells and cancer non-stem
cells.

Cell-cell communication and
differentiation/growth control/apoptosis: role in
chemoprevention and chemotherapy

If one starts with the premise that the adult stem cell
is the target cell that starts the initiation/promotion/pro-
gression process of the multi-stage, multi-mechanism
theory of carcinogenesis, strategies for the prevention and
treatment of cancer seem fairly obvious. First, simply by
increasing or decreasing the stem cell pool in any organ
would, all other factors being equal after initiation, in-
crease or decrease the probability of the initiation event
from taking place. While it would be appropriate to mini-
mize exposures to mutagens, such as protect oneself from
too much sun-exposure, it would decrease the risk to
sun-induced skin cancer. However, it is impossible to re-
duce to zero the risk to the initiation event. Every time
a cell proliferates, there is a finite chance that an error
in replication could lead to a mutation in a critical gene
involved in the carcinogenic process.

That, then, leads to the importance of preventing the
initiated stem cell from being promoted (by preventing
these initiated cells from being expanded and/or being in-
duced to die by programmed cell death or apoptosis).
Since both normal adult stem cells and their initiated
progeny are growth controlled either by secreted negative
growth regulators or by gap junctional intercellular com-
munication, and since most, if not all, tumor promoting
agents block cell-cell communication between the initiated
cell and the normal differentiated or neighboring sib cells
(37-40), it would seem that the tumor promotion phase
would be the most effective phase to intervene. By inter-
fering with the tumor promotion phase, which, in the case
of human beings, can take place over decades, would allow
one to delay or even reverse the clonal expansion of the
initiated cells to accrue all the hallmarks of a cancer cell.

Given that endogenous and exogenous factors can act
as tumor promoters, and given that tumor promotion,
caused by very different conditions (e.g., wounding, nor-
mal growth, cell removal, cell death, drugs, pollutants,
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food additives, toxicants, microbial toxins, hormones, in-
flammatory factors, solid particles, etc.) (7), it might seem
that it would be impossible to prevent tumor promotion.
In deed, tumor promoters can be species-, gender-, devel-
opmental stage-, cell-type and organ-specific. However,
there are some universal characteristics of tumor pro-
moters, namely, they seem to have threshold levels of ac-
tion; exposure must be for long periods of time, given in
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regular exposures and in the absence of agents that are
considered "anti-promoters". Also, one of the emerging ob-
servations that seems to link two different physiological
processes (cell proliferation and the immune system) with
the tumor promotion process is chronic inflammation (7).

The hypothesis seems to be that when, in an initiated
tissue having an adult stem cell that is blocked in its abil-
ity to proliferate by anti-mitogenic factors, is exposed to
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Fig. 3. The diagram tries to incorporate a "systems" aspect of how a physical, chemical or biological agent could affect a multi-cellular
organism. At non-cytotoxic concentrations or doses, an agent could simultaneously trigger oxidative stress in both the cells of the immune
tissues and the epithelial/ endothelial/ stromal cells in various organs. Upon induction of reactive oxygen species (ROS) and of oxidative
stress induction of intra-cellular signaling in various cell types of the complex immune system, various cytokines would interact on tissues,
containing the three fundamental cell types (adult stem cells, progenitor and terminally-differentiated cells). Given that these cells would
have been exposed to the toxic agent and that they, also, would have reacted to the agent differentially because of their different physio-
logical/phenotypic state, the interaction of all three types could be very different (e.g., the normal stem cells might be induced to proliferate
asymmetrically; any initiated pre-cancerous stem cell might proliferate symmetrically; the progenitor cells might be induced to proliferate
symmetrically and to migrate, as in wound healing; and the terminally differentiated cell might adaptively respond or to apoptose) in
response to the inflammatory signal. In summary, each cell type of the immune system and of the various organ tissues, with their different
expressed genes and cellular physiology, will respond differently to sub-lethal exposure to agents inducing oxidative stress triggered intra-
cellular signaling and epigenetic alterations. The interaction of inflammatory agents on pre-exposed organ epithelial cells could be an
additive effect, a synergistic response or possibly, even an antagonistic effect. This could explain the wide range of diseases in which
the inflammatory process seems to play a prominent role.
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an agent/condition that triggers oxidative stress in both
cells of the immune system and the initiated epithelial or
fibroblastic tissue, an interaction between the two can
happen (Fig. 3).

Tumor promoters appear to be non-genotoxic (134), yet
they can induce oxidative stress (135). Contrary to com-
mon belief, while radical oxygen species (ROS) can, in
principle, damage any macromolecule in a cell, in the tar-
get cell at tumor promoting agent at non-cytotoxic levels
and in an undifferentiated initiated stem cells, they can
induce intra-cellular signaling leading to (a) inhibiting
GJIC and (b) altering gene expression. Even a genotoxic
agent, such as UV light, by killing a large number of cells
in initiated skin, can cause compensory hyperplasia of any
surviving initiated cell. Cytotoxic agents, such as the
non-genotoxic alcohol or carbon tetrachloride, can also in-
duce compensatory hyperplasia to act as an "indirect tu-
mor promoter".

The search for a universal chemoprevent agent might
now be seen as an illusion. It has been shown that a diet-
ary component, beta-sitosteriol, could prevent the growth
of initiated rat liver cells with expressed ras-oncogene, but
not the same type of rat liver cell expressing oncogenes,
such as neu, src or even myc-ras (136).

In effect, tumor promotion prevents the initiated cell
from terminally differentiating and from dying by apopto-
sis. The accumulated initiated cells expand and increase
the probability of additional genetic and epigenetic
changes. Therefore, if oxidative stress is a major compo-
nent of tumor promotion, then anti-promoters or chemo-
preventive agents might be viewed by acting by anti-oxi-
dant mechanisms. Evidence exists that many anti-pro-
moters have anti-oxidant properties. However, one must
be careful in applying this observation in that some an-
ti-oxidants can have pro-oxidant activity (137). Unless one
understands the actual mechanism by which a chemo-
preventive agent works, unintended consequences could
occur. The classic examples of this were the termination
of the CARET and ATBC clinical intervention trials to
reduce the risk to cancers (138, 139).

Since caloric restriction has been shown to reduce many
chronic diseases (140-142), one might hypothesize that
this physiological phenomenon might reduce both the
stem cell pools of certain organs, as well as prevent cell
proliferation and possibly induce apoptosis of any ini-
tiated cells (143). Therefore, caloric restriction might act
both to reduce the initiation of stem cells and to inhibit
the promotion process. This might explain the relative low
incidence of cancer in the survivors of the atomic bombs
(143).

In summary, there seems to be an important role in
cell-cell communication in regulating, not only cell pro-
liferation, cell differentiation and apoptosis of normal
stem and progenitor cells, but also of the initiated cell.
Interference of cell-cell communication by all the agents
and conditions which are associated with tumor promo-
tion has been documented. Tumor promotion is that proc-
ess that allows the initiated cell, which can not normally
divide by asymmetrical cell division and does not nor-
mally apoptose, to clonally expand, allowing addition ge-
netic changes to become a malignant, metastazing cell.
Prevention of the down regulation of cell-cell communica-
tion by tumor promoters and the restoration of cell-cell
communication in tumor cells would be the strategy for
chemoprevention and chemotherapy, respectively (49).

Barker hypothesis/nutrition and stem cell biology

To prevent or treat cancers, with the assumption that
the adult stem cell is the target cell for initiating the can-
cer process, the old Barker hypothesis (144, 145) seems to
be explained, mechanistically, with the stem cell theory.
There are several excellent examples of this.

The pre-natal exposures to the drug, DES, led to in-
creased risk to vaginal cancers of the female offspring of
mothers who took the drug during pregnancy (146).

If the DES exposure during pregnancy of a female fetus
causes an increase in stem cell pool in the vaginal tissue,
then during sexual maturation of the vaginal tissue, any
initiated cell caused by abnormal proliferation might now
be promoted by the sex hormones at this stage of develop-
ment.

Another example is the study of the breast cancers in
Japanese women who survived the atomic bombs of
Hiroshima and Nagasaki (147). One explanation is that
Japanese mothers' diets included lots of soy products and,
in part, these women were calorically restricted (142).
Human breast stem cells, having been isolated and charac-
terized (88), have been shown to be induced to differ-
entiate into progenitor breast epithelial cells by a major
component of soy, namely genistein (148). Only the hu-
man breast stem cells, but not the differentiated progeni-
tor breast epithelial cells, were capable of being neo-
plastically transformed (89). Therefore, if the soy-diet of
pregnant Japanese women induced differentiation of the
adult breast stem cells of the female fetus, as it has been
shown in rodents (149), then after birth, there would be
fewer breast stem cells for the development of breast tissue
and fewer adult stem cells to be targets for initiating the
breast carcinogenesis process.
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Recently, in experimental pregnant rats exposed to the
environmental pollutant, bisphenol-A, the male offspring
after birth developed a high risk to prostate cancers, even
though they were not exposed to this pollutant after birth
(150). Even more extraordinary was the observation that
if the pregnant rats were exposed to both bisphenol-A and
dietary soy, the male rats had a dramatically reduced risk
to prostate cancers, again even though after birth they
were not exposed to either factor. This strongly suggests
that the pollutant and dietary factors acted on the target
cells for prostate cancer. One possible explanation is that
bisphenol A caused an increase in the prostate stem cell
pool in the male fetus. This would increase the risk for
an initiation event. After birth, some factor, either endoge-
nous or exogenous, could promote the prostate cancer. On
the other hand, during development of the male, soy diet,
containing antioxidants, such as Bowman-Birk inhibitor
(151, 152) or genistein might cause the prostate stem cell
to differentiate, reducing the stem cell pool and reducing
the risk for prostate stem cell initiation.

Recently, it was reported that there was a correlation
of umbilical cord blood haematopoietic stem cell and pro-
genitor cell levels with birth weight. This implied that
there might be a prenatal influence on cancer risks (153).
Possibly, the fact that the frequencies of childhood cancer
types, which are, in general, different from the types of
adult cancers, might also be related to this Barker
hypothesis. In general, cancer is usually viewed as an
"old-age" disease. Therefore, while cancers in children are
rare compared to adult cancers, their types seem to be dif-
ferent than the adult cancers. From the teratomas to the
other neuronal and lympho-reticular tumors, one might
have characterized them as primitive-like. In addition, to-
day, the "success-rate" of treating childhood cancers seems
much better than the success rate of adult cancers.

If during early development, the stem cells of the origin
of childhood cancers are increased, initiation is increased
due to enhanced errors of replication, or possibly, due to
epigenetic alteration (154), not mutation of oncogenes/tu-
mor suppressor genes, then exposures, postnatally to mas-
sive amounts of normal growth factors of childhood, could
lead to the "promotion" of these stem cells. These tumors,
if they are of non-irreversibly altered stem cells, are now
exposed to agents that can cause them to terminally differ-
entiate, they might be treated easier than the tumor cells
of adults which were irreversibly initiated or mutated and
then promoted over decades to accrue many more alter-
ations in their genome to become an "cancer stem cell".

In summary, based on the assumption that (a) the stem
cell pool in specific tissues can be modulated (increased

or decreased) during development of the fetus, and (b)
that the stem cell is the target cell for initiating the cancer
process, dietary or pollutant/drug exposure of the fetus
could dramatically increase or decrease the risk to cancer
later in life. This could be the explanation of the Barker
hypothesis. Therefore, implications for pre-natal care of
pregnant women should be of high priority. It is this fact
that takes one's control of cancer risk out of the in-
dividual's hands. Only after one can, in part, control one's
own behavior, can one have partial control to prevent the
promotion of ones initiated cancer stem cells (which all
human beings have in their bodies).

Stem cells and aging

With the recent focus on stem cell biology, stem cells
as a target for diseases and stem cell therapy, it would
seem that its possible role in the aging and diseases of
aging would have been a predominant component of the
theories of aging. However, only within the recent decade,
have speculations that stem cells must play a role in the
aging process appeared (155-159).

The classic dilemma in the aging field involved the is-
sue that the aging and diseases of aging, such as cancer,
are or are not independent processes. When one examines
many genetic predispositions to cancer, such as xero-
dermaq pigmentosum or Downs, predisposition to aging
also occurs in the skin, where ultraviolet the environ-
mental trigger both skin cancer and aging of the skin, and
predisposition to leukemia and high risk to Alzheimer's,
respectively (23, 160).

Exogenous agents that can induce cancers could also in-
duce premature aging. In natural aging, we notice that the
individual organs do not uniformly age. The individual
that is an alcoholic is at high risk for liver cancer and
"aging" of the liver function. The young persons, who ex-
pose themselves to large amounts of sun light, will in-
crease the risk for skin cancer and pre-mature aging of
the skin. A cigarette smoker induces pre-mature aging of
lung function, while at the same time enhances the risk
for lung diseases, such as lung cancer.

In deed, even though one might note that many chronic
diseases appear was we chronically age, the fact that can-
cers appear in young children seems to challenge the idea
that the aging process is causally linked to the carcino-
genic process. However, it should be noted that the types
of tumors in children appear to be very different than
those found in adults, in that they appear very "primitive-
like". To date the success frequency of cancer therapy for
childhood cancers is significantly better than most adult-
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type tumors.

Factors associated with both the diseases of aging, oxi-
dative stress and inflammation, as well as factors, such as
anti-oxidants and caloric restriction, seem to be correlated
with the reduced risk to aging and chronic diseases. In
brief, In brief, the pre-mature or progressive loss of struc-
ture/function of cells/tissues/organs/organ systems is a
common feature of aging and disease. Depending on the
circumstances by which genetic and environmental/diet-
ary agents interact, either or both the loss of efficiency in
biological function (aging) or an appearance of clinical ab-
normality (disease) can occur.

If the hypothesis presented here is correct, namely, that
the adult stem is the target cell for cancer and if the stem
cell pool (increased or decreased) alters the risk to cancer,
then a possible linkage can be made where the aging proc-
ess and the cancer process (as a model for other stem-cell-
dependent chronic diseases) share a common element,
namely the adult stem cell. Since biologically the termi-
nally differentiated cells must be derived from the transit-
amplifying or progenitor cells and the adult stem cells, it
should logically follow that reducing the stem cell pool
would reduced the risk of cancer and be linked to the in-
ability to expand tissue and repair.

The amazing recent discoveries of two genetic syn-
dromes, namely the Hutchinson Gilford-progeria, pre-ma-
ture aging syndrome (161-163), and the Nieman-Pick type
C neurological syndrome (164), have identified adult stem
cells as being the center of both diseases. In the former,
a mutated lamin A gene appears to cause abnormal func-
tioning of all the adult stem cells of all organs. On the
other hand, the organ-specific neuronal adult stem cell of
the Nieman-Pick type C seems unable to differentiate
properly in the brain. Even more dramatically, in both
cases, exogenous agents seem to be able to circumvent the
genetic dysfunction in the stem cells of both diseases (165,
166).

There have been speculations that relationship between
aging and cancer were the result of evolutionary forces
(167). In essence, the consequences of unlimited cell pro-
liferation would only enhance genomic instability, there-
fore, senescence was a option a cell had to decrease the
risk to cancer (168, 169). Although it is generally assumed
that a stem cell is immortal until it is induced to termi-
nally differentiate, no one has yet demonstrated that a sin-
gle embryonic or adult stem cell can proliferate without
senescing at some point [remember, all current attempts
to grow embryonic or adult stem cells in vitro are not done
under the in vivo niche conditions, it has been shown that
hypoxic and anti-oxidant conditions in vitro appear to

prevent differentiation or early senesce of stem cells (10)].
While progenitor cells, such as human fibroblasts or epi-
thelial cells have limited life spans in vitro under con-
temporary conditions., the "Hayflick phenomenon" (4),
then the shortening of telomeres, and genomic instability
might be characteristics of only the progenitor or transit-
amplifying cells.

In summary, conceptually, if adult stem cells can be tar-
gets for mutagens, cytotoxic or epigenetic agents that can
alter gene expression in a tissue, depending on the gene
and the number of stem cells affected, then a chronic dis-
ease might manifest itself (diabetes, cancer, atherosclerotic
plaque, cataract). On the other hand, if the stem cell pool
is increased or decreased during pre-natal/postnatal devel-
opment, altered risk to chronic disease in later life would
be seen. By decreasing the stem cell pool in specific organs
or in all organs later in life will hamper the functioning
of that organ or individual.
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