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In each major theory of the origin of cancer—field
theory, chemical carcinogenesis, infection, muta-
tion, or epigenetic change—the tissue stem cell is
involved in the generation of cancer. Although the
cancer type is identified by the more highly differen-
tiated cells in the cancer cell lineage or hierarchy
(transit-amplifying cells), the property of malignancy
and the molecular lesion of the cancer exist in the
cancer stem cell. In the case of teratocarcinomas,
normal germinal stem cells have the potential to be-
come cancers if placed in an environment that allows
expression of the cancer phenotype (field theory). In
cancers due to chemically induced mutations, viral
infections, somatic and inherited mutations, or epi-
genetic changes, the molecular lesion or infection
usually first occurs in the tissue stem cells. Cancer
stem cells then give rise to transit-amplifying cells
and terminally differentiated cells, similar to what
happens in normal tissue renewal. However, the ma-
jor difference between cancer growth and normal
tissue renewal is that whereas normal transit ampli-
fying cells usually differentiate and die, at various
levels of differentiation, the cancer transit-amplifying
cells fail to differentiate normally and instead accu-
mulate (ie, they undergo maturation arrest), resulting
in cancer growth. (Am J Pathol 2010, 176:2584–2594; DOI:
10.2353/ajpath.2010.091064)

The stem cell theory of cancer proposes two major con-
cepts: i) that cancers arise from stem cells that are
present in the tissues of both children and mature adult
individuals; and ii) that cancers are composed of the
same types of cells as are normal tissues, ie, stem cells,
transit amplifying cells, and terminally differentiated cells.
The hypothesis that cancers arise due to maturation ar-
rest of stem cells was proposed in 1994 for all tissues,
based primarily on observations of the origin of teratocar-
cinomas and hepatocellular carcinomas.1 About the
same time, tumor transplantation studies led to renewed
interest in the concept that cancers were maintained by a

small fraction of the cells in the cancer that have the
properties of stem cells.2–4 In this review, the involvement
of stem cells, as the cells of origin of cancer, in each of
the major theories of the origin of cancer using selected
example of cancers will be documented, and from this
models that describe the nature of the cells in a cancer
will be provided.

Field Theory or Niche

The ancient Greeks devised the first theory of the origin of
cancer. They believed cancer to be caused by an imbal-
ance of humors, specifically, an excess of black bile. This
theory was maintained for over 2000 years, and variations
of it remained in play well into the 20th century.5,6 The first
idea that cancers could arise from stem cells appeared in
the early 19th century7,8 and was formally presented by
Durante9 and Conheim10 as the embryonal rest theory of
cancer. This theory stated that remnants of embryonic
tissue remain in adult organs. A change in the environ-
ment, or “disequilibrium” in the surrounding tissue (field
theory), would allow the embryonic tissue to resume cell
proliferation and to produce masses of cells that resem-
bled fetal tissues. However, by the turn of the 20th cen-
tury, the embryonic rest theory was generally discredited.
As stated in a comprehensive book on cancer by William
Bainbridge in 1914,6 “The congenital or embryonic theory
of the origin of cancer has received no support whatever
from the experimental and comparative investigations of
recent times.”

In the ensuing decades, given the urgency of the
problems caused by infectious diseases, there appeared
to be little interest in cancer research. For example, only
85 of the 5245 pages in the massive textbook Modern
Medicine by William Osler and Thomas McCrea pub-
lished in 1913 are devoted to cancer.11 It would be
almost 50 years before studies on teratocarcinoma would
lead to a reassertion of the embryonic rest theory of
cancer, in the form of the stem cell theory of cancer.
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Teratocarcinoma

“Terato” means “pertaining to monsters.” Early patholo-
gists noted that certain tumors contained mixtures of
what appeared to be adult tissue that looked like mal-
formed monstrous organs. In the mid-19th century, Ru-
dolph Virchow, the father of pathology, observed that
teratocarcinomas were made up of an abnormal mixture
of fetal and mature tissues, but he did not embrace the
embryonal rest theory.12 On the other hand, his student,
Julius Conheim10 noted the resemblance of the tissue of
teratocarcinomas to embryonic tissue and used this
resemblance to support the embryonal rest theory of
cancer.

Modern pathologists recognize that most teratocarci-
nomas are made up of a mixture of mature, differentiated
tissues and fetal components, such as yolk sac and
placental elements13,14 (Figure 1, A and B). The produc-
tion of �-fetoprotein (AFP) by the yolk sac component
(Figure 1C) and of chorionic gonadotropin (CGH) by the
placental elements (Figure 1D) suggests that the embry-
onal cells of a teratocarcinoma are totipotent, ie, the
teratocarcinoma stem cells may give rise to progeny that
differentiate into all of the tissue types of the developing
embryo, including the yolk sac and placenta.15 Given the
secretion of these proteins into the blood, serum levels of
AFP and CGH can be used to follow the growth of such
tumors.16 The malignant component of a teratocarcinoma
is restricted to structures that contain embryonal cells
and resemble early embryos, ie, the embryoid body.17

Embryoid bodies usually make up less than 1% of the
total tumor mass (Figure 1E).

Transplantation studies have revealed not only that the
cells making up the embryoid body arise from normal
germinal stem cells, but also that the cells of the embry-

oid body have the properties of tumor stem cells. Indeed,
in 1967, Leroy Stevens generated malignant teratocarci-
nomas by transplanting normal germinal stem cells from
the genital ridge of day 12 SIJ/129 male mice into the
testicles of normal 129 adult male mice. At this transplant
site, the germinal cells developed into teratocarcino-
mas.18,19 Thus, in the transplanted niche, the normal
germinal stem cells grew abnormally and formed tumors;
these findings supported both the stem cell origin of the
cancer and the field theory.

Eight years later, Beatrice Mintz20,21 and Virginia Pa-
paionnou and co-workers22,23 would show in support of
the field theory that when cells from such transplantable
teratocarcinomas were injected into normal blastocysts,
the cells of the cancer became incorporated into the
developing embryos. In the adult mice that developed
from such embryos, the tissues were made up of a mix-
ture of mature tissues from the normal blastocyst and
from the cancer (ie, a chimera). Many other studies have
now documented that the inner cell mass of the blasto-
cyst is able to re-program mature tissue stem cells as well
as cancer stem cells.24 Teratocarcinomas therefore
arose from tissue stem cells if the cells were placed in an
environment that allowed expression of the malignant
phenotype. Thus, the “field” where the stem cell was
located determined its normal or malignant potential.

From an extensive study of the cellular makeup of
teratocarcinomas, Barry Pierce and co-workers25–27 pro-
posed a hierarchical model of cancer. In this model,
cancer stem cells give rise to cancer transit amplifying
cells that exhibited various stages of differentiation, cul-
minating in terminally differentiated cells. An updated
example of this model, as applied to germinal cell tumors,
is presented in Figure 1F. This hierarchical scheme was

Figure 1. Features of a testicular teratocarcinoma. A: Gross picture of a testicular teratocarcinoma. B: Selected histological section showing mature bone marrow
(bm), connective tissue (ct), and squamous epithelium producing keratin (k). C: Immunoperoxidase staining for AFP in yolk sac element (arrow). D:
Immunoperoxidase staining for CGH in placental element (arrow). E: Embryoid body. F: Hierarchical model of germinal cell tumors. Depicted are the stages of
maturation of germ cells at which maturation arrest results in germinal stem cell derived cancers. Embryonal carcinoma is a cancer of totipotent germinal stem
cells. Choriocarcinoma, yolk sac carcinomas, and teratomas are derived from embryonal cell carcinomas and most teratocarcinomas contain mixtures of these cell
types. Seminomas express the spermatocytic phenotype, which represents a further stage of differentiation.
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extended to provide a general model for the cells that
make up any cancer.1 Thus, the differentiation state of a
cancer depends on the stage of maturation at which the
majority of cells of the cancer become arrested. If matu-
ration arrest occurs at an early stage, the appearance of
the tumor will be poorly differentiated; if at a later stage,
the tumor will be well differentiated. In either case, the
tumor will be maintained by cancer stem cells, which
provide its self-renewing cells.27 This model has been
used to explain the response of teratocarcinomas to dif-
ferentiation therapy, and was one of the first systems to
show the resistance of cancer stem cells to therapy.

Treatment of teratocarcinomas with retinoic acids in-
duces differentiation of most of the embryonic cells of the
cancer into mature cells.28,29 Retinoid acids appear to
work on the transit-amplifying cells, which comprise most
of the cells of a teratocarcinoma. However, the putative
teratocarcinoma stem cells are self-renewing and resis-
tant to differentiation therapy. Despite initial successful
treatment, the tumor will regrow from the resistant terato-
carcinoma stem cells, when the treatment is discontin-
ued.30,31 Therefore, although this approach has benefi-
cial effects, chemotherapy and surgery are the current
treatment methods of choice.

In summary, the following principles of the stem cell
theory of cancer were first demonstrated using teratocar-
cinoma. i) Cancers arise from tissue stem cells. ii) Loca-
tion in an abnormal place (niche) allows cancer stem
cells to express the malignant phenotype (field theory).
iii) Cancers contain the same cell populations as do
normal tissues: stem cells, transit amplifying cells, and
terminally differentiated cells (hierarchical model of can-
cer). iv) Cancers can be transplanted via cancer stem
cells, but not via the transit-amplifying cells of the cancer
(tumor-initiating cells). v) Products of the cancer cells that
reflect stages in fetal development can be used as mark-
ers for diagnosis, prognosis and treatment (onco-devel-
opmental markers). vi) Malignant cells can become be-
nign (differentiation therapy). vii) Differentiation therapy is
directed against cancer transit amplifying cells; when
treatment is discontinued, cancer regrows from resistant
cancer stem cells (resistance to therapy is a defining
property of cancer stem cells).

By the 1970s, the principles of the stem cell theory of
cancer had been clearly established through studies of
teratocarcinoma. However, rather than being accepted
as exemplifying the rule, teratocarcinoma was consid-
ered to be an exception to the rule. The results of
chemical carcinogenesis studies on the liver and skin
were used to support a different model for cancer,
dedifferentiation.32

Chemical Carcinogenesis

The first documented recognition that chemicals could
cause cancer was by John Hill, who noted the occur-
rence of cancer of the nasal cavity of snuff users in
1761.33 Over 100 years later, Ludwin Rehn reported an
abnormally high incidence of bladder cancer in workers
in the German dye industry.34 Production of brightly col-

ored cloth was highly profitable, but the chemicals that
yielded these colors were highly carcinogenic. Extensive
experimental studies on liver cancer-causing chemicals
began in the 1930s.32 The cellular response of the liver to
experimental hepatocarcinogenesis was at first inter-
preted to be most consistent with the idea that liver
cancer arose from de-differentiation of mature hepato-
cytes, and stem cells were not considered to be involved.
However, the interpretation changed to maturation arrest
of cells in the hepatocyte lineage as the origin of cancer
as more observations were amassed.

Chemical Hepatocarcinogenesis

The most striking cellular changes in the liver of experi-
mental animals, after treatment with an hepatocarcino-
gen, comprise a sequence, from foci to nodules to ulti-
mately cancer.35,36 First, a few clusters of hepatocytes
show differences in staining (foci). With continued carcin-
ogen exposure, nodules of enlarged hepatocytes form, in-
creasingly distorting the liver (Figure 2, A and B).32 Finally,
hepatocellular carcinomas appear, usually within nodules.
The recognition of this sequence led to the conclusion that
liver cancer arises from mature hepatocytes (in the foci) that
progressively grow until finally cancer ensues. However,
studies on production of the oncodevelopmental marker
AFP during chemical hepatocarcinogenesis have led to a
different interpretation.

AFP was discovered in 1961 by Garri Abelev, who
noted high levels of this serum protein in the blood of both
newborn animals and animals with liver cancer.37 AFP is
also produced by the yolk sac during development and
serves as a marker for teratocarcinomas that contain yolk
sac elements (see above). Since AFP was produced at
high levels by the fetal liver and by liver cancers, it was
recognized to represent a marker for early cellular events
during chemical hepatocarcinogenesis.38 If foci or nod-
ules are the cellular precursors to cancer, AFP would be
predicted to be present in the foci and nodules. However,
this was not the case. Depending on the chemical regi-
men used for cancer induction, AFP was first found in
small cells in the pericentral region of the liver and later in
small cells extending into the liver lobule (oval cells,
Figure 2C), in duct-like structures (Figure 2D) or in ad-
enomatous areas in the liver (Figure 2E).39,40 Following
the hierarchical model of Pierce, we concluded that, in
adults, liver cancers can arise from stem cells (oval cells),
transit-amplifying cells (ducts or immature hepatocytes),
or mature hepatocytes, depending on the stage of mat-
uration arrest (Figure 2F).40 Originally missing from this
model was the step between pluripotent stem cells and
the liver lineage cells. This omission was most likely due
to differences between cell lineages in young and old
livers. The missing link is a cancer known as a hepato-
blastoma.41 This cancer only appears in children before
the age of 4 or 5 years. In ongoing experiments we found
that treatment of rats at 3 weeks of age results in a much
higher rate of proliferation of oval cells than treatment of
rats at 8 weeks of age (Ian Guest, Zoran Ilic and Stewart
Sell, unpublished data). This supports the idea that the
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potency of stem cells changes with aging. The increased
susceptibility of young animals to hepatocarcinogens ap-
pears to be due to a higher percentage of liver stem cells
in younger animals. Overall, these findings indicate that
in the liver, as in teratocarcinomas, cancers arise from mat-
uration arrest of cells in the liver cell lineage.1 The develop-
ment of squamous cell carcinomas of the skin after expo-
sure to chemical carcinogenesis more clearly defines the
role of the tissue stem cell as the cell of origin of cancer.

Skin Carcinogenesis

The skin and the liver are the most extensively studied
models of chemical carcinogenesis. Sir Percivall Pott
identified cancer of the skin of the scrotum in chimney
sweeps in 1775.42 It was a matter of honor at that time
that chimney sweeps in England did not bathe. This
allowed retention on the skin of the scrotum of highly
carcinogenic hydrocarbons present in soot. Interestingly,
chimney sweeps in other European countries did bathe
and did not develop scrotal cancer. On the recommen-
dations of Hill, the English chimney sweeps were re-
quired to bathe at least once a week. This was the first
successful public health measure instituted to prevent
cancer. In 1918, Katsusaburo Yamagiwa and Koichi
Ichikawa of Japan43 produced experimental squamous
cell carcinomas by painting the skin of rabbits with coal
tar. Twenty-three years later, Peyton Rous, better known
for discovery of the Rous sarcoma virus,44 demonstrated
that chemical carcinogenesis in the rabbit skin was a
two-step process: initiation, followed by promotion. Rous
painted coal tar on the skin of the ear of rabbits at a dose
at which carcinomas did not develop. Several weeks or
more later, if he wounded the site where the coal tar had
been applied by scraping with a cork borer, skin cancers

developed.45 The first step (initiation) was interpreted to
result from mutations arising from the binding of carcino-
genic metabolites to the DNA of the skin cells (DNA
adducts). However, this adduction alone was not suffi-
cient to induce cancer. The second step (promotion)
induced proliferation as a repair response to the wound-
ing of the skin. This second step activated proliferation of
the mutated cells, which then expanded into cancer.
Apparently, the initiated cells remained dormant if no
promotion occurred. A crucial observation, namely,
that the time between initiation and promotion could be
months or even years, was made later by a number of
investigators.46–48 Since it is well documented that the
transit-amplifying cells of the skin are replaced every 14
days,49 only the self-renewing skin stem cells are able to
survive the long time between initiation and promotion.
Thus, initiation (adduct formation) must act on the long-
lived skin stem cells.

Comparing the hierarchical model developed by Barry
Pierce for teratocarcinoma to the cellular changes occur-
ring in hepatocarcinogenesis and in other epithelial can-
cers, we came up with a general model for the stem cell
origin of cancer based on maturation arrest.1 This model
allows a hierarchical lineage classification of other types
of cancer. For example, Figure 3A50 shows application
of this model to skin cancer and Figure 3B50 to breast
cancer.

Infections

For many years, infections agents, such as parasites,
were thought to cause cancer, but definitive proof was
lacking.6,51 As stated above, Peyton Rous reported that
sarcomas in fowl were caused by a filterable agent, later

Figure 2. Preneoplastic lesions in experimental chemical hepatocarcinogenesis. A: Gross appearance of liver nodules induced by cyclic administration of AAF in a rat; normal
liver on left, nodular liver on right. B: Microscopic picture of a liver nodule. C–E: �-Fetoprotein-containing cells during various regimes of chemical hepatocarcino-
genesis: C: Cyclic acetylaminofluorene (AAF) (immunofluorescence). D: AAF-partial hepatectomy (Solt-Farber model) (immunoperoxidase). E: Diethylnitrosamine (DEN)
(immunoperoxidase). F: Hierarchical model of liver carcinogenesis. 32 The arrows in B point to the edge of a neoplastic nodule in the liver. The arrow in C points to
an AFP-containing oval cell; the arrow in D to an AFP positive duct.
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identified as the Rous sarcoma virus,44 but direct evi-
dence for and infectious origin of cancer in humans re-
mained elusive.

Papilloma Virus

The infectious origin of a human cancer was finally
proven by Harald zur Hausen and his co-workers in
198352 when they found that certain types of human
papilloma virus (HPV) were associated with cervical can-
cer. Most of the cervical epithelium is made up of termi-
nally differentiated cells containing large amounts of gly-
cogen. HPV infects the proliferation-competent basal
stem cells of the cervix. The virus hijacks the metabolism
of these cells and directs the infected cells to produce
viral proteins. Viral E6 and E7 proteins inhibit tumor sup-
pressor genes: E6 inhibits p53, while E7 inhibits p53, p21,
and RB.53 Thus, the viral products reprogram the cervical
stem cells for their own proliferation and survival. The
infected cells no longer differentiate and fill with glyco-
gen, but continue to proliferate and fill the cervical epi-
thelium with immature proliferating cells (cervical intra-
epithelial neoplasia, or CIN). The cervical cells continue
to divide by symmetric rather than asymmetric division
and eventually replace the normal cervical epithelium. If
the lesion is not treated, the malignant cervical cells will
invade the basement membrane of the cervix. Fortu-
nately, invasive cancer of the cervix can often be pre-
vented. The development of CIN may be followed closely

by examining the exfoliated immature cells of the cervix
(Papanicolaou smear 54; the lesions can be removed,
and the future growth of cancer prevented. This may
become less necessary as HPV vaccines are now being
used to immunize against infection, and this immuniza-
tion prevents development of cervical cancer.

Hepatitis Virus-Associated Liver Cancer

Viral infection of the liver is also associated with devel-
opment of liver cancer. The major risk factors for human
liver cancer are hepatitis virus infections and exposure to
aflatoxin.55 In experimental models directed to study
these risk factors, none of which actually is a really good
model for human viral hepatitis, hepatitis-associated liver
injury acts as a “promoter” of chemically initiated liver
stem cells.55 The situation with viral hepatitis and human
liver cancer is much more complicated. Many lines of
epidemiological evidence connect hepatitis B virus
(HBV) and hepatitis C virus (HCV) to human liver cancer,
but exactly how these viruses cause cancer in the ab-
sence of exposure to a chemical carcinogen remains
controversial. There appear to be two pathways for each
virus.56,57 For HBV-associated liver cancer, first the HBV
viral genome integrates into host DNA, which may result in
loss of tumor suppression or activation of oncogenes.56

Second, production of the HBV X-protein causes disrup-
tion of cell cycle regulation, signaling, cell adhesion, and
apoptosis.57 Whether either or both of these is causative

Figure 3. A: Hierarchical lineage model of skin cancer. B: Hierarchical lineage model of breast cancer.50 C: Histological picture of Burkitt’s lymphoma cells
showing accumulation of large B cells. D: Effect of Ig promoter in transgenic mice with the Ig promoter linked to c-myc and bcl-2. Although all of the cells in
the transgenic mice have the translocation, including the hematopoietic stem cells, the Ig promoter is only activated at the B-cell stage of differentiation. Thus,
in this experimental model of Burkitt’s lymphoma, cancer cells accumulate at the B-cell level. E: Stages of maturation arrest of leukemia. The expression of
products of gene translocations occurring in stem cells depends on the stage of differentiation of the cells in the myeloid series: bcr/abl is at the myelocyte stage,
PML/RAR� is at the promyeloid stage and a large number of mutations at the hemocytoblast stage (see text). F: Events during the process of colon carcinogenesis.
The first mutation in colon carcinogenesis is APC, absent in polyposis coli. APC normally acts to degrade �-catenin and survivin. When these substances are not
degraded they contribute to increased proliferation and decreased cell death allowing the affected cells to accumulate and acquire additional mutations rather than
be sloughed off in the lumen.
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of cancer is not clear. For HCV, in contrast, the viral DNA
does not integrate into the host DNA, but the core HCV
protein acts on host cell mitochondria to produce oxida-
tive stress, which yields aberrations in cell growth-asso-
ciated genes.58,59 In addition, there is modulation of cel-
lular gene expression leading to up-regulation of mitogen
activated protein kinases and activating factor 1 (AP-1),
resulting in activation of proliferation.58,59 At least four
HCV gene products, HCV core, NS3, NS4B, and NS5A,
induce transformation in tissue culture,59 and HCV core
and NS5A activate the Wnt-�-catenin cell activation
pathway.

The relevant question for the cellular origin of human
liver cancer is: at what level of the liver cell hierarchy
(Figure 2F) do these combinations of genetic and epige-
netic events act? HBV and HCV clearly infect mature liver
cells, activate proliferation, inhibit apoptotic pathways,
and produce HCC. The fact that mature liver cells may
give rise to cancer could be argued to be an example of
dedifferentiation. However, mature hepatocytes respond
to liver cell loss,60,61 or injury62,63 by proliferation. Since
mature liver cells can proliferate, we argue that viral-
induced HCCs represent an example of late maturation
arrest1 of cells in the liver cell lineage, such as hypothe-
sized above for experimental HCC induced by DEN.38

Mutations

Mutations as a cause of cancer were first postulated by
Theodor Boveri in 1914, following his identification of
abnormal chromosomes in sea urchin embryos that re-
sulted in distorted mitoses.64 The direct association with
cancer was tenuous, and Van Hanesmann argued that if
abnormal chromosomes were present in cancer, they
were more likely the result of cancer rather than the cause
of it.65 Abnormal mitoses were seen in many cancers, but
not until the identification of specific mutations in leuke-
mia were mutations definitively linked to the induction of
cancer.

Leukemia

Peter Nowell in the 1970s66 identified a specific gene
translocation in the chromosomes of chronic myeloid leu-
kemia (CML) cells, the Philadelphia chromosome. In this
translocation, the break point cluster region (bcr) on
chromosome 22 is relocated next to a known oncogene
(abl) on chromosome 9. This translocation results in pro-
duction of a transgene product (bcr-abl) that increases
proliferation, blocks apoptosis, and liberates the leuke-
mia cells from their tissue niche. Since this discovery, a
large number of gene translocations have been identified
in leukemias and lymphomas.67,68 Four of them will be
used as examples here, Ig-myc in Burkitt’s lymphoma
(t8:14), bcr-abl in CML (t9:22), PML-RAR� (t15:17) in
acute promyeloid leukemia (APL), and the IL-3 receptor
(t8:21) in acute myeloid leukemia (AML).

Burkitt’s lymphoma was discovered to be strongly as-
sociated with infection by the Epstein-Barr virus in
1964.69 The continued proliferation of the cells in Burkitt’s

lymphoma is due to translocation of the immunoglobulin
promoter (Ig) next to the powerful oncogene c-myc, with
resultant proliferation of B cells (Figure 3C). It is not clear
how the viral infection results in this translocation, but an
experimental model in which the Ig promoter is linked to
c-myc and bcl270,71 illustrates how activation of the Ig-
myc transgene is related to the stage of maturation arrest
of the lymphoma.

When the immunoglobulin promoter is activated, there
is expression of one gene that increases proliferation
(c-myc) and another that blocks apoptosis (bcl2), essen-
tially delivering a double whammy to increase the number
of lymphoma cells. The key point here is the linkage to the
Ig promoter. The characteristic property of B cells is
production of immunoglobulin, ie, activation of the Ig
promoter. Thus, although the transgene is present in all of
the cells of the transgenic mouse, it is only activated in B
cells, producing maturation arrest and proliferation at
only the B-cell level, ie, a B-cell lymphoma (Figure 3D),
even though the same translocation is present in precur-
sor cells in the B-cell lineage.

The three translocations in myeloid leukemia also pro-
duce blocks in differentiation (maturation arrest) and al-
low proliferation and survival of cells at various levels of
maturation of cells in the myeloid hierarchy (Figure 3E)72;
together they provide a hypothetical model for applica-
tion of differentiation therapy. For example, the t9:22 bcr-
abl translocation results in production of a fusion gene for
a product in the tyrosine kinase pathway that is constitu-
tively activated at the myelocyte stage of differentiation.
This activation does not allow cells at the myelocyte level
to differentiate further, so the cells continue to proliferate
and accumulate (CML). The bcr-abl tyrosine kinase binds
adenosine tri-phosphate (ATP) and transfers phosphates
to the tyrosines on a substrate in the next step of the
signal transduction pathway. Brian Drucker and co-work-
ers.73 developed a small molecule inhibitor that com-
petes with the ATP binding site of the tyrosine kinase so
that the enzyme is unable to bind ATP and transfer the
phosphate. Treatment with this small molecule, imatinib
(Gleevec), allows the leukemic cells that reach the mye-
locytic stage to continue to differentiate, and is an effec-
tive therapy for CML. If therapy is discontinued, however,
the CML will regenerate from precursor leukemic cells in
the myeloid series, since the precursor cells are not
affected by the therapy.74

Most CML patients who respond to imatinib remain
stable, but some patients develop resistance either be-
cause of development of a mutation in the ABL-kinase
domain of the bcr-abl gene such that imatinib no longer
inhibits binding of ATP and subsequent phosphorylation
of the substrate continues, or because of a bcr-abl inde-
pendent activation of SRC-family tyrosine kinases.75,76

Second generation kinase inhibitors such as dasatinib or
nilotinib may be used to treat patients with most of these
mutations as they are able to compete with the active site
of the mutated bcr-abl gene product at a different site
than imatinib. In any case, in order for the mutation to
be manifested over time, it must occur in the bcr-abl
positive CML stem cells.77 If the mutation appeared so-
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matically in the transit amplifying CML cells it would be
lost with induced differentiation.

In APL cells, the t15:17 translocation results in produc-
tion of a fusion protein, the promyelocytic leukemia pro-
tein linked to the retinoic acid receptor (PML-RAR�). PML
is a protein that is required for development of the cyto-
plasmic granules that begin to accumulate at the promy-
elocyte stage of myeloid differentiation. When this fusion
product accumulates, the function of PML is blocked,
and the PML cells are unable to differentiate past the
promyeloid stage.78 Retinoic acid (vitamin A) binds with
the RAR� part of the fusion protein. This binding allows
ubiquin to combine with the fusion protein, resulting in
degradation of the fusion protein, so that retinoic acid can
now activate retinoic acid-induced transcription, reforma-
tion of granules, and differentiation of the cells. Treatment
with retinoic acid can produce complete remission in
about 90% of patients with APL.79 However, if therapy is
discontinued, APL cells will regenerate from precursor
cells containing the translocation.80

AML includes various diseases that have the common
feature of rapid proliferation of immature cells in the my-
eloid lineage (myeloblasts). Within the AML diseases,
some subgroups have been identified. For example
AMLs with inv(16), t(15;17) or t(8;21) have a favorable
prognosis, whereas those with �7/7q-, t(3;3)/inv3, t6;9 or
t99;22 have an unfavorable prognosis.81 In addition, AML
cells usually have more than a single translocation or
mutation; one causes increased proliferation, while an-
other one blocks apoptosis.68 This combination results in
rapid accumulation of cells at the myeloid stem cell level.
Peter Nowell noted that development of one lesion in an
AML stem cell leads to chronic proliferation of cells in the
myeloid series setting the stage for a second mutation.81

Thus, leukemias provide a moving target, in terms of the
development of directed therapies. Inhibition of one path-
way may only have a temporary effect because the AML
cells develop a new mutation resulting in activation of a
pathway for which the previous therapy is not effective.
One of the frequent mutations results in activation of the
IL-3 receptor, which is active at several stages of myeloid
differentiation. Small molecule inhibitors are being tested
for this lesion, as well as for other activation pathways,
but positive clinical effects have proven elusive.68

In any event, leukemic stem cells, like other cancer
stem cells,82 are resistant to therapy and are responsible
for failure of treatments using radio-, chemo- or differen-
tiation therapy. For the sake of argument, when a patient
is first diagnosed with leukemia, we can estimate that
there may be a maximum of 1012 leukemic cells present
in the patient’s body (Up to 100 � 109 cells/L of blood �
5 liters of blood � 5 � 1011 cells, plus cells in bone
marrow and other organs, such as liver and spleen).
Assuming that treatment kills 99.9% of the leukemic cells,
after one cycle of treatment, 109 leukemic cells will be
present. Treatment must be given in cycles, since con-
tinuous treatment also kills normal blood and intestinal
cells; the time between treatment cycles allows the nor-
mal cells to recover. Assuming that 109 leukemia cells are
present when the next cycle is begun (note that the
numbers may actually be greater than this), treatment will

result in reduction of the leukemia cell number to 106.
Two additional treatments will be required to reduce the
cell number to 1. In about half the cases, four cycles are
curative, but in another half, the tumor will continue to
regenerate from the tumor stem cells that resist therapy.
For the cases that are cured, it is thought that destruction
of the tumor transit-amplifying cells by the therapy acti-
vates division and differentiation of the tumor stem cells
to tumor transit-amplifying cells, which are affected by
the therapy. For cases that are not successfully treated,
administration of ablative therapy will kill both normal and
tumor stem cells; the function of the normal stem cells is
then replaced using a bone marrow transplant.

The presence of the original mutation in an acute leu-
kemia may be used to follow the effects of therapy and
characterize the nature of recurrences. For example,
even after clinical remission, cells with the original muta-
tion may still be detected in leukemic progenitor cells, in
the blood or bone marrow, suggesting that the leukemia
clone has not been eliminated83,84 and that leukemic
cells with the original mutation may be detected before
any overt sign of the disease.85 In some instances new
mutations may be acquired by the leukemic cells that still
contain the original mutation indicating progression to a
more acute phase.86 On the other hand some cases in
relapse actually lose the original mutation. For example
the leukemic cells of an AML patient with an N-ras muta-
tion were found not to contain the ras mutation on re-
lapse, suggesting that the relapse population is derived
from a different clone that the acute phase population.87

The mixture of loss and acquisition of mutation with re-
lapse has been attributed to clonal shift or collateral
succession rather than clonal progression.88

The lessons that we have learned from myeloid leuke-
mia are as follows. i) Molecular lesions determine the
stage of maturation arrest of the leukemia. ii) Targeted
differentiation can reverse the effects of the molecular
lesion and allow terminal differentiation of the leukemic
cells. iii) Leukemic stem cells contain the molecular lesion
and restore the cancer transit amplifying cells when che-
motherapy or differentiation therapy is discontinued. Note
that there is a difference of opinion in regard to the nature
of the therapy-resistant cancer cell. It may be a stem
cell89 or simply a tumor cell with proliferative capacity
that is not in cycle at the time when the therapy is admin-
istered.90 The resistance to therapy is effectively the
same for either explanation. iv) Leukemic stem cells mu-
tate to survive therapy and are thus a moving target for
chemo- or differentiation therapy.

Intestinal Cancer

The Vogelstein hypothesis91 for the development of intesti-
nal cancer states that a series of mutations and epigenetic
changes are responsible for a sequence of lesions culmi-
nating in expression of the malignant phenotype. The pro-
posed sequence is as follows: Absent in polyposis coli
(APC) 3 hyperplastic polyp; hypomethylation 3 tubular
adenoma; K-ras mutation 3 tubulovillous adenoma; de-
leted in colon cancer (DCC) 3 villous adenoma; p53 mu-
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tation3 adenocarcinoma (Figure 3F). The key event in this
sequence is the effect of the first mutation, APC, in blocking
the normal rapid turnover of the intestinal epithelial cells.
Pulse-labeling studies reveal that a cohort of transit-ampli-
fying cells near the base of intestinal crypts divide every day
and migrate rapidly out of the crypt, such that the intestinal
lining cells completely turn over every 4 to 5 days.49 Given
this rapid turnover, an individual mutated cell would be
quickly lost from the population (and thus would be ren-
dered harmless), unless some mechanism exists to allow
the cell to evade the turnover process. The first mutation
(APC) must produce an effect that essentially immortalizes
the immediate progeny of the stem cell.

The product of the APC gene targets �-catenin and
survivin for destruction.92 Loss of the APC gene products
results in accumulation of �-catenin and survivin. �-cate-
nin is a transcription activator for proliferation; survivin is
an apoptosis inhibitor. Thus, loss of APC allows gastro-
intestinal progenitor cells to continue to proliferate without
dying. This effect of loss of APC is demonstrated in APC
knockout mice. The intestinal crypt cells of APC knockout
mice do not migrate out of the crypt and continue to
proliferate, leading to accumulation of the intestinal cells
and the formation of polyps.93 The effects of the loss of
the function of the APC gene are continued proliferation
and survival of crypt epithelial cells, such that a large
number of cells available for the additional mutations
leading to malignancy. The first mutation in the Vogelstein
sequence results in maturation arrest of progenitor cells
in the intestinal crypt that do not die, and are thus avail-
able and subject to further mutation.

Although the manifestation of the first mutation in this
model occurs at the level of the transit amplifying cell, the
mutation itself most likely occurs in the tissue stem cell or
perhaps at an even earlier pluripotent stem cell. Deletion
of the APC gene in long-lived intestinal stem cells leads to
their transformation within days.94 The transformed stem
cells remain located at the crypt bottoms, presumably
giving rise to transit amplifying cells that produce a grow-
ing microadenoma; when the APC gene is deleted in the
transit-amplifying cells, growth of the microadenoma stalls.
Thus for development of gastrointestinal cancer depletion of
the APC gene occurs in the long-lived crypt stem cell,94 but
the effect is manifested in the daughter transit-amplifying
cells. Similar elegant results have been obtained using
prominent 1 (Prom1) to mark intestinal stem cells. Activation
of endogenous Wnt signaling in Prom 1 gastrointestinal
stem cells results in gross disruption of the crypt and high
grade intraepithelial neoplasia and crypt adenoma forma-
tion, with only a small percentage of the cells of the tumors
retaining the Prom1 marker.95

Epigenetic Change

An epigenetic change is a heritable alteration in the ex-
pression of a gene or genes that does not involve a
change in the component DNA sequences. Epigenetic
changes are mediated by methylation of the DNA bases
(usually CpG sites) or methylation of the proteins making
up histones associated with DNA. The state of methyl-

ation in turn controls the expression of genes critical for
the normal homeostasis of tissue cells. The most frequent
change associated with cancer is the loss of expression
of the tumor suppressor gene p53.

Field Cancerization of the Skin

Sun exposure of the skin leads to damage to the skin,
expressed as multiple solar lentigos.96,97 These areas of
the skin, with altered pigmentation, provide a setting for
the development of skin cancer (field cancerization). The
molecular lesion is believed to be an epigenetic change
in the DNA leading to loss of expression of the ubiquitous
tumor suppressor gene p53.98 One of the recognized
functions of p53 is to protect DNA against radiation dam-
age by effecting removal of cells with damaged DNA.
With the loss of p53, the cells with epigenetic change in
areas of sun damaged skin are not removed rapidly and
are highly susceptible to additional mutations, for exam-
ple by activation of c-myc. Thus, the lesion of field can-
cerization results in survival of cells that normally are
rapidly turned over. The accumulation of these cells sets
the stage for additional mutations or epigenetic change,
leading to cancer.

DNA Methylation and Field Cancerization in
Gastric Cancer Associated with Helicobacter
pylori Infections

H. pylori infection of the stomach is a major risk factor for
development of gastric cancer. Areas of hypermethyl-
ation are seen in the gastric mucosa of patients with H.
pylori infection, and it is in these areas that gastric can-
cers arise.99 H. pylori infection leads to increased methyl
transferase activity with resulting increased methylation
of genes in gastric stem cells. Using mitochondrial DNA
(mtDNA) mutations as a marker of clonal expansion,
McDonald et al100 show that mtDNA mutations establish
themselves in gastric stem cells and are passed on to all
their differentiated progeny. Thus, by clonal expansion the
mutation is spread to form patches of mutated cells in the
mucosa. In this way the increased methylation caused by H.
pylori infection is inherited in stem and transit amplifying
cells, and causes repression of the p53 gene with resultant
increased proliferation and loss of apoptosis.101 The iden-
tification of both stem cells and transit-amplifying cells as
targets is based on the response to therapy. If the H. pylori
infection is treated, some of the areas of hypermethylation
disappear, whereas others do not.99 This finding is inter-
preted as follows. The areas of hypermethylation that dis-
appear represent hypermethylation of transit-amplifying
cells. Since these cells turn over rapidly, the increased
methyl-transferase activity seen during the active infection
is required to maintain hypermethylation. When the H. pylori
infection is cured newly formed transit-amplifying cells from
non-methylated stem cells will not be hypermethlyated. On
the other hand, in areas where hypermethylation is not lost,
the change must have occurred in the self-renewing stem
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cells that continue to give rise to hypermethylated transit-
amplifying cells.102

Conclusions

In this review, the contribution of tissue stem cells to the
development of cancer is described for each of the major
models of the origin of cancer, using specific cancer
types as examples. i) Field theory: Teratocarcinomas
arise from normal germinal cells when these cells are
placed in a tissue niche that does not enforce normal
differentiation. ii) Chemical carcinogenesis: Chemicals
that cause cancer of the liver appear to act at various
stages of the differentiation of liver lineage cells. Expo-
sure of the skin to chemical carcinogens causes muta-
tions (DNA adducts) in the long-term, self-renewing basal
stem cells. iii) Virus infections: HPV virus infects basal
stem cells of the cervix and redirects the cells from dif-
ferentiation to proliferation. Hepatitis virus infects mature
liver cells, stimulates proliferation and causes maturation
arrest at a late stage in the liver cell lineage. iv) Mutations:
Translocations in myeloid leukemia produce fusion pro-
teins that are activated at various stages of myeloid he-
matopoiesis, leading to accumulation of cells at a spe-
cific stage of differentiation. The sequence of events in
colon carcinogenesis begins with a mutation (APC) that
results in a block in differentiation, and in continued pro-
liferation of colonic stem cell progeny. v) Epigenetic
changes: Sun damage predisposes skin to development
of cancer, because of a loss of expression of p53. H.
pylori infection of the stomach causes hypermethylation
of the DNA of gastric mucosal stem and progenitor cells,
loss of tumor suppressor gene function, and develop-
ment of gastric cancer.

Each example can be seen to follow a hierarchical
model of tissue differentiation, whereby the tissue stem
cell contributes to cancer through expression of a phe-
notype in the progeny of the stem cell that is permissive
for growth and inhibitory for differentiation. Thus, regard-
less of the cause, all cancers arise from maturation arrest
of tissue stem cells.
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