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CANCER STEM CELLS

A remarkable paradigm shift has occurred in recent years regarding the
biological origins of cancer. The cancer stem cell hypothesis has chal-
lenged the foundational notions of cancer, and the therapeutic impli-
cations have been profound. Compelling evidence indicates that errors
in the development of a small subset of adult stem cells can lead to can-
cer. Only this small subpopulation of cells has the inherent ability to
form tumors and metastasize. This book discusses the emerging field
of cancer stem cell research, with contributions from leading experts
on the basic biology, genetic pathways, and potentials for therapeutic
targeting of cancer stem cells. It also covers clinical challenges for these
new discoveries, namely, that cancer stem cells might be resistant to
conventional chemotherapeutic and radiological treatments and may
be at the biological core of relapse and therapeutic resistance. This book
is an essential concise guide to the latest discoveries and therapies in
cancer research.

William L. Farrar, PhD, is head of the Cancer Stem Cell Section at the
Laboratory of Cancer Prevention, National Cancer Institute, Frederick,
Maryland.
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Preface

Cancer results from the accumulated effects of somatic or inherited gene alter-

ations that result in the improper function of proteins. An increased understand-

ing of the underlying genetics has shaped the modern hypotheses for the basis

of cancer. First was the concept of oncogenes, defined as genes that promote a

transformed cellular phenotype. The altered activities of this class of proteins are

usually due to mutations in the genes themselves, polymorphisms in promoter

elements, or aberrant activation of upstream signaling pathways. The next con-

cept with profound implications for the genetic basis of cancer was the discovery

of tumor suppressor genes. This class of genes, when genetically silent, essentially

takes the brakes off the normal controls of cell cycle, senescence, and apoptosis.

From the silencing of genes in cancer emerged the rapidly growing field of epige-

netics and how gene silencing leads to the development of cancer. Therefore, for

the past several decades of molecular biology, the focus has been on the ON and

OFF switching of genes. Engineering of recombinant DNA in model cell systems

produced a greater understanding of the underlying biochemistry and molecular

biology of cancer. This led to the belief that similar alterations could occur natu-

rally in nearly any somatic cell type, and therefore cancer was believed to be of a

stochastic nature.

The stochastic hypothesis suggests the clonal evolution model, in which any

cell with overexpressed oncogenes and/or downregulated tumor suppressors will

eventually form a tumor. This model could explain the multiple aspects of

human disease and clinical observations. However, recently, a hypothesis has

reemerged to challenge this notion, causing a shift away from the stochastic

model. Increasing evidence, initially discovered in hematological malignancies

and, later, in solid tumors, suggests that tumors are formed from a subset of

cells with unique characteristics that reside within the volume of the tumor. The

unique subset of tumor-initiating cells is defined as cancer stem cells, a term ini-

tially coined by researchers in hematological malignancies and adopted by solid

tumor researchers. What is shared in common with diverse cancers is that the

unique subsets of tumor-initiating cells have stem cell–like biological and genetic

similarities. Most pronounced are unique sets of surface markers, the ability of

self-renewal, expression of developmental stem cell–like genes, and biological

properties that facilitate tumor development.
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x Preface

The birth of the cancer stem cell hypothesis has generated a large degree of

enthusiasm not without profound therapeutic considerations. For the most part,

few of the current chemotherapeutic and irradiation strategies have considered

the cancer stem cell component of the tumor burden. In fact, there are significant

indications that the tumor-initiating cells are resistant to the conventional tools

of cancer therapeutics.

This book focuses on the clinical and therapeutic implications of cancer stem

cells. We have included chapters concerning the basic science of both leukemic

and solid tumor stem cell biology and a practical chapter on the isolation and

characterization of cancer stem cells. Because of the initial recognition of cancer

stem cells in leukemia, therapeutic strategies may first be employed in this cancer,

as discussed by researchers active in the field. Finally, we have included chapters

describing stem cell signaling pathways that direct self-renewal and other vital

cancer stem cell characteristics. These pathways offer the fodder for molecularly

targeted therapeutics and rational drug design.

While this is a rapidly emerging field, the discovery of the cancer stem cell as

a subset of cells with unique biological and genetic properties will likely have

a substantial impact on cancer therapeutics and prevention as well as on the

understanding of the biological origins of cancer.

William L. Farrar, PhD
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The processes underlying the etiology of cancer have been the fodder for several

theories for a century (for a discussion of the earliest theories, see the subsequent

discussion and previous studies).1,2 Central to all these theories is the cell of origin

for the transformation from a normal to a cancerous cell. The prevailing hypoth-

esis, until recent years, was that any cell that had acquired multiple genetic hits

could give rise to a tumor.3 The cancer stem cell hypothesis posits that only

a small subset of cells, termed tumor-initiating cells or cancer stem cells (CSCs), is

capable of giving rise to and maintaining tumors. Therefore all CSCs must display

several characteristics: they must be the only cells that are capable of giving rise

to a tumor (tumorigenic), they must be able to maintain the population of tumori-

genic cells (self-renewal), and they must be able to give rise to the heterogeneous

cells composing the entire tumor (pluripotency). When a CSC is transplanted

into an immunocompromised mouse, self-renewal and pluripotency are vital for

The content of this publication does not necessarily reflect the views or policies of the
Department of Health and Human Services, nor does mention of trade names, commercial
products, or organizations imply endorsement by the US Government.
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2 Elaine M. Hurt and William L. Farrar

the formation of a tumor that recapitulates the original (reviewed by Wang and

Dick4).

HISTORY OF CANCER STEM CELLS (CSCs)

Tumors are masses containing heterogeneous populations of cells with different

biological characteristics.5 Although there has been a marked increase in the

number of publications regarding CSCs in the past 14 years, the notion that

cancer cells have properties reminiscent of stem cells is not a new theory. This idea

was first postulated by Rudolph Virchow and Julius Cohnheim in the nineteenth

century.1,6 Virchow’s embryonal rest hypothesis noted the similarities between fetal

tissue and cancer cells with respect to their ability to proliferate and differentiate.2

Later, Cohnheim and Durante extended this by hypothesizing that there exist

embryonal remnants in mature organs, and Beard hypothesized that cancer arises

either from activated germ cells or from dislodged placental tissue. Within all

these hypotheses, the basis for cancer was a cell that maintained the ability to

differentiate, renew, and proliferate in a manner similar to cells of the developing

embryo.

The first demonstration that tumors comprise cells with differential tumor-

forming ability was in 1961. Southam and Brunschwig harvested recurrent cancer

cells from patients and then autotransplanted the cells into different sites. To

establish a new tumor, at least one million cells needed to be injected, and this

only worked approximately 50% of the time.7 Later studies showed similar results

for colony initiation in vitro.8,9 This suggested that not all the cells could initiate

a tumor and that there existed a hierarchy of tumor-initiating cells.

The first demonstration of the hierarchy of cancer cells was done in leukemia

by Lapidot and colleagues.10 They demonstrated that CD34+CD38− cells isolated

from acute myeloid leukemia patients developed a tumor when injected into

nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice, but

injection of even larger numbers of the more differentiated cells, CD34+CD38+,

did not initiate tumor formation. Moreover, the tumors formed by injection of

the CD34+CD38− cells were similar in morphology to the original disease present

in the patient. Following leukemia, the first identification of CSCs in solid tumors

was demonstrated in breast cancer by al-Hajj and colleagues in 2003.11 Since

then, CSCs have been identified in many solid tumors, including brain, prostate,

pancreatic, liver, colon, head and neck, lung, and skin tumors.

IDENTIFICATION OF CSCs

Three methods are commonly employed for the isolation of CSCs. These methods

include (1) the isolation by flow cytometric sorting of a side population (SP) based

on Hoechst dye efflux, (2) sorting on the basis of cell surface marker expression,

and (3) sphere culture. These methods lead to varying degrees of enrichment of

CSCs, and each has its advantages and limitations.
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Side populations

It was the observation of Goodell and colleagues that there was a small popula-

tion of cells in bone marrow aspirates that did not accumulate Hoechst 33342

dye.13 They further showed that this SP contained cells capable of repopulat-

ing the bone marrow. Using flow cytometry, the SP has been isolated from a

variety of tumors, including leukemia,14,15 ovarian cancer,16 hepatocellular carci-

noma,17 brain cancer,18–20 lung cancer,21 thyroid cancer,22 nasopharyngeal carci-

noma,23 prostate cancer,24 breast cancer,24 and other cancers. The SPs of all these

tumor types have been shown to enrich cells with stemlike characteristics such

as increased tumorigenicity,14,16,17,19,21,23,24 expression of stemlike genes,17,21–24

and self-renewal.17,19,21,22,24

It is generally thought that the SP is the result of the dye being extruded out

of the cell by an ATP-binding cassette (ABC) transporter.25 Indeed, bone marrow

cells isolated from abcg2− / − mice lack an SP,26 strong evidence that the bone

marrow SP is a result of the efflux of Hoechst dye mainly by ABCG2. Moreover,

the SP of neuroblastomas had increased expression of ABCG2 and ABCA3,18

and the SP isolated from the breast cancer cell line, MCF7, has been studied

extensively and has increased expression of ABCG2.24,27 However, expression of

ABCG2 alone may not identify the CSCs in all tumor types. In prostate cancer, the

SP enriched tumor-initiating cells and ABCG2 expression, but purified ABCG2+

cells did not show increased tumorigenesis compared to ABCG2− cells.24 Thus

the authors concluded that the SP is enriched for CSCs and that the SP contains

the ABCG2+ cells, but it is still a heterogeneous population, and ABCG2+ cells are

not the tumor-initiating cells. The expression of multidrug resistance 1 (MDR1),

another drug transporter, is also not correlated with the SP in acute myeloid

leukemia.15 Therefore the lack of Hoechst staining in the SP may not rely entirely

on efflux by drug transporters.

There is some evidence that suggests that the presence of the SP may be a

result of inefficient dye uptake as a reflection of the presence of largely quiescent

cells, another characteristic of stem cells. In prostate cancer, Bhatt and colleagues

demonstrated that the CSC population was composed of the G(0) cells contained

within the SP, whereas the G(1) cycling cells in the SP were the more differentiated

transit-amplifying cells.28 Likewise, Ho and colleagues showed that lung cancer

SP cells were also largely quiescent.21 This might, in part, explain the results of

Patrawala and colleagues, which showed that the SP displayed increased tumori-

genicity, but the ABCG2+ population did not.24 It may be that the CSCs, which

are generally quiescent, are unstained by the Hoechst dye rather than actively

transporting the dye out via a transporter.

Although the SP has been shown in many tissue types to enrich for CSCs,29

it is generally agreed that it does not represent a homogeneous population

of CSCs. Furthermore, in some cases, such as in nontransformed renal cells30

and skin cells,31,32 the SP does not appear to enrich cells with stem cell

characteristics. Further limitations of this method of isolation have to do with

the procedure itself, in which the parameters of Hoechst 33342 concentration,

staining time, and staining temperature are critical. An excellent protocol can be
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found online (http://www.bcm.edu/labs/goodell/protocols.html). However, dye

concentrations and staining time can vary with different cell preparations, and

Hoechst staining needs to be carefully controlled every time it is performed.29

Moreover, there have been reports that the dye can have deleterious effects on

cells. For example, in the rat C6 glioma cell line, Shen and colleagues demon-

strated that incubation with Hoechst 33342 for prolonged periods of time leads

to increased apoptosis.20 This problem raises the possibility that differences seen

in tumorigenicity between SP and non-SP cells may be due to a toxic effect of the

Hoechst dye, specifically in the non-SP population.

Cell surface markers

Cell surface markers have been used as a means of identification and isolation.

Most of the markers utilized to date are based on knowledge of tissue develop-

ment or are derived from hematopoietic or embryonic stem cells. The two most

commonly used surface markers used to identify CSCs are CD133 and CD44.

Prominin-1 (CD133) was originally identified on rat neuroepithelial stem

cells33 in 1997. Later that year, a monoclonal antibody (AC133) was made to

CD34+ stem cells isolated from fetal liver, bone marrow, and cord blood,34 and

subsequent cloning identified it as the human homolog of prominin-1. Prominin-

1 is a transmembrane glycoprotein with five membrane-spanning domains and

two large N-glycosylated extracellular loops that is localized to plasma mem-

brane protrusions and microdomains (reviewed by Bauer et al.35). The function

of prominin-1 is not entirely known, however. A single nucleotide deletion

of PROMININ-1 is responsible for an inherited form of retinal degeneration.36

Despite the unknown cellular function of prominin-1, it has been found to be a

marker for many of the CSCs identified to date, including those from gliomas,37,38

colon,39,40 lung,41 liver,42 and prostate43 (Table 1–1). Although prominin-1 marks

a tumor-initiating population in many solid tumors, it does not appear to have

a significant role in maintaining properties of CSCs. In colorectal tumor cells

isolated from patients, the knockdown of prominin-1 did not result in any sig-

nificant decrease in the tumorigenic capacity of these cells.44 However, the knock-

down of CD44 inhibited tumor formation in these same cells.44

CD44 is a glycoprotein that is the receptor for hyaluronan (HA), a major com-

ponent of the extracellular matrix (reviewed by Misra et al.45). As a result of

binding HA, CD44 activates many receptor tyrosine kinases, including EGFR and

ERBB2, in many cancer types.46 This leads to increased proliferation and survival

via activation of the MAPK and PI3K/AKT pathways, respectively.47 CD44 also

plays an important role in invasion of a variety of tumor cells, including breast,48

prostate,49 and mesotheliomas,50 and in lymphocyte homing to the bone mar-

row51 and has been positively correlated with the number of circulating prostate

cancer cells in the bloodstream.52 CD44, either alone or in combination with

other surface markers, has been used to isolate cells with stem cell properties from

multiple tumor types, including breast,12,53 prostate,54,55 colon,56 pancreas,57 and

head and neck squamous cell carcinomas58 (Table 1–1).
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Table 1–1. Cell surface phenotypes of cancer stem cells

Tumor type Phenotype Fraction (%) Reference

Breast CD44+CD24− 11–35 (12)
Brain CD133+ 5–30 (37, 38)
Prostate CD44+CD133+α2β1hi or 0.1–3 (43)

CD44+CD24− (55)
Pancreatic CD44+CD24−ESA+ 0.2–0.8 (57)
Hepatocellular CD133+ 1–3 (42)
Colon CD133+or ESAhiCD44+ 1.8–24.5 (39, 40, 56)
Head and neck CD44+ <10 (58)
Lung CD133+ 0.3–22 (41)
AML CD34+CD38+ 0.2–1 (10, 60)
Multiple myeloma CD138+ 2–5 (59)
Melanoma CD20+ ∼20 (65)

Other markers used for the identification of CSCs tend to be more specific to

the organ, and the choice is generally gleaned from knowledge of how that tissue

develops. For instance, CD138 is a marker for terminally differentiated B cells

(plasma), and multiple myeloma (a plasma cell malignancy) CSCs are CD138−

cells.59 Likewise, CSCs from acute myelogenous leukemia are CD34+CD38−

cells,10,60 the same markers used to identify normal early hematopoietic pro-

genitor cells.

Although using surface markers allows for the definition of a precise pop-

ulation, as opposed to both SPs and spheres, there are several limitations to

this method of isolation as well. The number of CSCs usually identified by this

method is almost always low (Table 1–1), requiring a large number of cells to be

sorted. This is especially problematic when isolating cells from tumor samples

that are often small in size. Also, isolation of CSCs from tissue requires the cells

to be enzymatically dissociated, usually with collagenase and other proteolytic

enzymes, which can damage some of the surface antigens expressed.61 Probably

the greatest drawback of using surface markers for the identification of CSCs is

the choice of the markers themselves. As outlined earlier, the markers often come

from what is known about the development of the tissue and from markers of

stem cells from systems in which a hierarchy of differentiation has been clearly

established such as CD133 from the hematopoietic system.

Culture of nonadherent spheres

In addition to both SPs and cell surface markers, CSCs have been isolated by

their ability to form spheres in culture. The ability of CSCs to form spheres in

culture was first demonstrated in the central nervous system. In 1992, Reynolds

and Weiss demonstrated that cells isolated from the striatum of adult mouse

brain could be clonally expanded by culturing spheres and that these cells could

generate both astrocytes and neurons.62 In humans, CD133+ cells isolated from

human fetal brain were shown to form spheres in vitro.37 Further studies have
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demonstrated that brain tumors also contain CD133+ cells that are capable of

giving rise to neurospheres.37 Subsequently, the ability of purified CSCs to form

spheres in culture has been demonstrated for breast,12,53 prostate,54,55 colon,40,63

pancreatic,64 and melanoma CSCs.65

Because it has been demonstrated that purified CSCs can give rise to spheres in

culture, some researchers have used sphere cultures to enrich CSCs. For example,

it was shown that cultures of breast cancer under low-adherent sphere-forming

conditions enriched the CD44+CD24− population, the surface marker pheno-

type associated with breast CSCs, by 40% to 98% and that the spheres were

more tumorigenic in immunocompromised mice.66 Likewise, researchers have

enriched for CSCs from brain,37,38,67,68 colon,40 pancreas,64 bone sarcomas,69

and melanomas65 by using sphere culture conditions. In all cases, these spheres

are enriched in the surface markers reported by others to represent the tumor-

initiating population in the respective tissue, except for the spheres generated

from bone sarcomas, in which surface marker expression remains to be deter-

mined.

Although culturing for spheres is an easier method of enrichment in compar-

ison to sorting for SPs or surface markers, it is not without limitations. Perhaps

the biggest drawback is that the spheres still represent a heterogeneous popula-

tion, with only a portion of the cells capable of self-renewal.66,70 Furthermore,

immunohistochemical staining of spheres generated from prostate cell lines show

that the spheres are heterogeneous for markers of CSCs.54 Furthermore, differ-

ences in the enrichment of CSCs in spheres due to differences in sphere size,

passage, culture medium, and technique can be demonstrated in neurosphere

cultures.71

PROPERTIES AND CHARACTERIZATION OF CSCs

Despite the isolation methodology, establishing that a subpopulation of cells is

indeed a CSC population relies on validation of several of the biological charac-

teristics of CSCs, including tumorigenicity, self-renewal, and the ability to histo-

logically recapitulate the tumor of origin. Indeed, a 2006 American Association

for Cancer Research workshop concluded that “cancer stem cells can thus, only

be defined experimentally by their ability to recapitulate the generation of a

continuously growing tumor.”72

Tumorigenicity

At the heart of the definition of CSCs is their ability to induce tumor formation.

Most experiments demonstrating tumorigenicity utilize one of two immuno-

deficient mouse models: the nude mouse or the Non-obese diabetic/severe com-

bined immunodeficient (NOD/SCID) mouse. The nude mouse, a result of a muta-

tion in the FOXN gene, is athymic, resulting in the hairless phenotype that gives

it its name and in a lack of mature T cells.73 The NOD/SCID mouse model74
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Table 1–2. Numbers of CSCs required for tumor formation and sites of injection

Numbers of cells Lowest number
Tumor type Site of injection tested required Reference

Brain Brain 100–100,000 100 (38)
Prostate Subcutaneous 100–10,000 100a (54, 55)

Prostate 100–1,000,000 1,000 (79)
Pancreatic Subcutaneous 100–10,000 100 (57)
Hepatocellular Intrahepatic 50,000–300,000 50,000 (42)

Subcutaneous 1,000–1,000,000 1,000 (42)
Colon Renal capsule 100–250,000 100 (39)

Subcutaneous 3,000–100,000 3,000 (40)
Head and neck Subcutaneous 2,000–650,000 5,000 (58)
Lung Subcutaneous 10,000–500,000 10,000 (41)

a Ten CD44+ cells from a single cell line, LAPC-9, were able to induce a tumor in one-fourth of mice tested.
This was the only cell line in which 10 cells were tested.

is the result of a cross of the SCID mouse model, which lacks both T and B

lymphocytes,75 and the NOD mouse model, which lacks natural killer cells and

antigen-presenting cells. The result is a mouse model that has functional defects

in both innate and adaptive immunity. Both models result in a mouse that does

not reject xenografts.

Historically, researchers needed to inject millions of cells to establish a tumor.

This was first demonstrated in 1961, when researchers harvested recurrent can-

cer cells from patients and then autotransplanted the cells. Tumors formed only

when patients received injections of one million cells.7 The requirement for mil-

lions of cells to establish a tumor led investigators to hypothesize that there are

only a limited number of cells that are able to initiate and maintain the tumor.

Theoretically, implantation of a single CSC should be capable of generating the

entire tumor in a mouse model. Therefore one important test of a prospective

CSC population is the ability to form tumors at low cell densities. Most tests

of CSC-induced tumorigenesis have used anywhere between 100 and 1,000 cells

as the lowest number of cells injected (Table 1–2). In four cancers – brain,38

prostate,54,55 colon,39 and pancreatic57 – as few as 100 cells were able to give

rise to tumor formation in a significant number of the animals tested. Patrawala

and colleagues were able to show that 10 CD44+ cells isolated from the prostate

cancer cell line LAPC-9 were able to give rise to a tumor in one-fourth of mice.54

Self-renewal

The CSC must have the ability to sustain itself and continue to give rise to cells

with equal abilities of tumorigenicity and recapitulation of the original tumor.

This ability of the CSC to give rise to another CSC is termed self-renewal. Self-

renewal maintains a reservoir of CSCs when the CSCs undergoes either asymmet-

rical or symmetrical division (reviewed by Huntly and Gilliland6). Asymmetric

division forms one more differentiated cell and one CSC. Symmetrical division
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results in the CSC forming either two differentiated cells or two CSCs. This behav-

ior is critical because it allows the CSC to expand its numbers.

Self-renewal has been experimentally demonstrated in two major ways: (1)

by serial transplantation of tumors and (2) by showing the ability of CSCs to

initiate spheres or soft agar colonies over multiple generations. Although serial

transplantation of a tumor is the most rigorous proof of the ability of the CSC

to self-renew, it is also lengthy and more expensive than culture techniques.

Culture methods rely on the assumption that the ability to form a sphere or a

colony in soft agar is a surrogate for tumor formation. As long as the spheres or

colonies have been shown to be more tumorigenic than nonspheres or the total

cell population in a mouse model, this is a fair assumption.

Serial transplantation of CSCs

Serial transplantation involves isolating the prospective CSCs, initiating a tumor

in a mouse model, and subsequently removing the tumor to reisolate the cells

with the prospective CSC phenotype and retesting tumorigenicity with these iso-

lated CSCs. In theory, the CSCs isolated from any generation of tumor should be

able to give rise to a subsequent tumor. The first isolation of CSCs from a solid

tumor was from breast cancer by al-Hajj and colleagues in 2003.12 They found

that as few as 100 CD44+CD24− cells could form a tumor in immunocompro-

mised NOD/SCID mice. Furthermore, CD44+CD24− cells were able to give rise to

tumors when serially transplanted into NOD/SCID mice through four passages.

The vast majority of cells isolated within the primary and subsequent tumors were

more differentiated, and these cells were unable to generate a tumor. This pro-

vided the most compelling demonstration that the CD44+CD24− breast cancer

cells were indeed CSCs. Since this initial demonstration of self-renewal by serial

transplantation, CSCs isolated from several solid tissues have been demonstrated

to have self-renewal capabilities by serial transplantation. These include CSCs iso-

lated from brain (two generations),38 prostate (two generations),54 pancreas (two

generations),57 hepatocellular carcinoma (two generations),42 colon carcinoma

(three and four generations, respectively),39,40 and head and neck carcinomas

(three generations).58

In vitro renewal of CSCs

Demonstration of the ability to self-renew in a culture system provides a shorter,

less expensive alternative to mouse models. This in vitro technique employs the

same principal as the in vivo self-renewal assay. Nonadherent spheres or colonies

in soft agar are formed, dissociated, and replanted to determine the ability of the

cells to form new spheres or colonies. Several CSCs have been shown to have

in vitro self-renewal capacities, as measured by their ability to form spheres or

colonies through multiple generations. For example, Ricci-Vitiani and colleagues

were able to demonstrate the ability of spheres derived from the colon to reform

spheres up to 10 generations.40 They also demonstrated that the spheres are

able to induce tumor formation. Similar in vitro self-renewal assays have been

performed with CSCs isolated from prostate cancer76 and lung cancer.41
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Establishment of tumor heterogeneity

Not only must a CSC be able to self-renew, but it must also be able to differen-

tiate to recapitulate the heterogeneity seen in tumors (reviewed by al-Hajj and

Clarke77). They are the putative population responsible for generation and main-

tenance of a heterogeneous population of cells. Again, two approaches have been

taken: one is to examine the heterogeneity of CSC-derived tumors, and the other

is to determine the ability of CSCs to differentiate in vitro.

The heterogeneity of a CSC-derived tumor has been demonstrated either by

flow cytometry of surface markers or by immunohistochemistry. Al-Hajj and

colleagues were the first to demonstrate the ability of a CSC to give rise to a het-

erogeneous tumor population.12 They showed, by flow cytometry, that injection

of mammary CD44+CD24− cells led to tumors with a diverse surface phenotype

reminiscent of the original tumor, with only a minority of cells retaining the

CD44+CD24− phenotype. Since then, all solid-tumor CSCs listed in Table 1–1

have been shown to differentiate into other cell types.

The ability of a CSC to differentiate in vitro into the other cell types present

in a tumor has also been demonstrated. This has been demonstrated for brain,78

prostate,43,55 colon,40 and lung cancers.41 Differentiation in culture has been

shown to occur in the presence of serum both with and without other factors

known to induce differentiation in the specific tissue type being studied. The in

vitro differentiated cells not only lose markers of CSCs, but also lose tumorigenic

potential.41,78

CONCLUDING REMARKS

The field of CSC research is a rapidly moving field that is still in its infancy.

The information that we glean from CSCs isolated from one type of cancer

is not always applicable to another cancer, type. This has already been the

case when choosing cell surface markers for the isolation of the CSCs. It is

too early to take much of what has been hypothesized and determined for

a single cancer and use it as dogma. Therefore, before further classifying a

subpopulation of cells, no matter the method of isolation, investigators must

first determine if the population has properties of CSCs, including self-renewal,

increased tumorigenic potential, and the ability to recapitulate tumor heteroge-

neity.
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STEM CELLS, PROGENITOR CELLS, AND DIFFERENTIATED CELLS

Functional regeneration, the ability of cells to reconstitute the tissue of origin, is

an essential biological property of many epithelia. This unique ability suggests

the presence of a renewing cell type and reflects the homeostatic mechanism that

normally replaces senescent cells or cells lost to tissue damage. Not all cells within

a population are equally capable of reconstitution, and this activity has been

attributed to the presence of a subset of tissue-specific stem and/or progenitor

cells within various epithelia, including the breast,1–4 skin,5–7 intestine,8 and, of

particular interest, the prostate.9–11

Cellular hierarchy is essential to the biology of complex multicellular organ-

isms, and aberrant cell fate determination may result in pathological phenotypes.

During embryogenesis, a phenomenal array of specialized cells arises from prim-

itive, undifferentiated stem cells (SCs). The rapidly dividing cells of the early

blastocyst inner-cell mass, and their derived cultured counterparts, termed embry-

onic stem cells (ESCs), exhibit pluripotency and unlimited proliferative potential.12

Both extrinsic signals and intrinsic properties converge to activate precise dif-

ferentiation programs, thereby generating the phenotypically and functionally

distinct lineage-restricted daughter cells present in the developing fetus.

15



16 Collene R. Jeter and Dean G. Tang

Growth and maturation require the continual activity of stem-like cells after

birth. These somatic SCs also function to repair tissue damage and maintain

tissue homeostasis over time.1,5,6,13–15 All SCs possess remarkable proliferative

potential; however, unlike ESCs, somatic SCs rarely divide. Somatic SC division

is constrained by interactions within a specialized stromal cell and extracellu-

lar matrix–rich environment (the SC niche). Although generally quiescent, in

response to stimulatory conditions, somatic SCs can reenter the cell cycle and

divide.16,17 In the classical hierarchical model, these slow-cycling SCs are usually

multipotent (although this may vary widely in a tissue-dependent manner) and

give rise to more rapidly dividing progenitor cells that, in turn, generate the ter-

minally differentiated (and often nondividing) functional cells of the tissue or

organ.

SC division resulting in at least one daughter cell maintaining the hallmark fea-

tures of SCs is self-renewal, and the long-term regenerative activities of SCs depend

on this essential property.12,18,19 Asymmetric SC division also produces a more

rapidly dividing lineage-restricted progenitor cell, which has lost (or reduced)

self-renewal potential. In this way, the SC population is maintained while con-

tributing to the wide variety of cell types in a given organ.6 Altogether, this

heterogeneous mixture of cells with differing proliferative capacities and differ-

entiation states constitutes the functional epithelium, and SCs account for the

variety of cell types present.

CANCER STEM CELLS (CSCS)

The elegance of metazoan tissue organization is a delicate balance, one that is dis-

rupted during tumorigenesis. Tumor formation has been described as “ontogeny

gone awry” as tumor cells, like embryonic cells during organogenesis, exhibit

a high proliferative capacity and multipotency. Therefore, conceptually, tumors

may contain stem-like cells or CSCs. In support, although most tumors arise

via the clonal expansion of a single transformed cell, tumors are usually het-

erogeneous, containing multiple types of cells ranging in maturation. Although

genetic instability can give rise to a mixture of cells with various mutations, a

plausible alternative explanation for tumor heterogeneity is that abnormal SCs

present in the tumor can generate progenitor and differentiated daughter cells by

epigenetic processes. The earliest experimental evidence supporting the existence

of stem-like cells within tumors came more than 40 years ago and showed that

only a small percentage of tumor cells is tumorigenic in vivo or clonogenic in

vitro.18,20–22

Cancer may be considered a stem cell disease.14,22 The long life of the SC might

predispose these cells to transformation, as the multiple mutation events required

for tumor initiation can be acquired over time, or alternatively, some tumor cells

may acquire SC-like properties. In particular, the acquisition of self-renewal by

a more differentiated cell may impart immortalization, a cardinal requirement
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for tumor transformation. Functionally, CSCs are equivalent to tumor-initiating

(or -reinitiating) and tumor-maintaining cells. CSCs have also been proposed to

underlie tumor recurrence following therapeutic treatments. Presumably, these

treatments would preferentially target the rapidly dividing progenitor cells, leav-

ing behind drug-resistant and indolent CSCs, potentially regenerating an even

more aggressive cancer.

The most definitive evidence supporting the CSC hypothesis has come from

transplantation experiments, in which only a minor subset of tumor cells is

tumorigenic, and these tumor-initiating (or -reinitiating) cells often display key

similarities to normal SCs. With the availability of various markers that allow

the prospective identification and purification of normal tissue SCs, putative

CSCs were first isolated from human acute myeloid leukemia using markers

that identify normal hematopoietic SCs. Remarkably, although the leukemic

SCs constituted <1% of the tumor cells, they were the only cells that could

transplant leukemia to nonobese diabetic/severe combined immunodeficiency

disease (NOD/SCID) mice.23 Using similar strategies (i.e., marker analysis), tumor-

initiating, putative CSCs have recently been identified in solid tumors such as

those derived from human breast,24 brain,25 colon,26,27 and, as we shall describe

in further detail, prostate.28,29

Phenotypic assays have also been utilized to identify (and characterize) can-

didate CSCs or tumor progenitors. The side population (SP) phenotype permits

the discrimination of SCs (both normal and tumor-derived) from the bulk popu-

lation on the basis that cells with SC properties do not accumulate Hoechst dye

33342 due to over expression of detoxifying multidrug-resistance (MDR) trans-

porters.30–34 Another alternative is sphere-forming assays, the ability of a cell to

survive anchorage deprivation and proliferate sufficiently to give rise to a three-

dimensional ball (i.e., sphere) of cells.29,30,32

The somatic SC property of quiescence may be another method to isolate and

characterize tumorigenic stem-like cells. Slow-cycling cells can be identified as

long-term label-retaining cells (LRCs) using a pulse-chase approach, in which

cells are first labeled with DNA analogs, such as 3H-thymidine or 5′-bromo-

deoxyuridine (BrdU), followed by an extended period of chase, in which the

exogenous label is diluted out via DNA replication during cell division. This LRC

phenotype has been successfully used to identify normal somatic SCs from a

variety of tissues, including the skin,5,13 breast,1 colon,8 and prostate.9 Although

some evidence suggests that slow-cycling cells are present in tumor cell popu-

lations,3,29,35 further work is required to determine whether these slow-cycling

tumor cells are truly CSCs.

In summary, CSCs appear to be quite similar to their normal SC counter-

parts, especially with respect to their unique capacity to generate heterogeneous

progeny. Specifically, these stem-like cells are relatively rare (i.e., representing

a certain fraction of the bulk tumor cells), possess a high proliferative capacity

(e.g., exhibit a high cloning efficiency in vitro), and have the ability to give rise

to differentiated progeny (i.e., multipotency). Therefore bona fide CSCs must
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also possess the hallmark SC feature of self-renewal, thus imparting the ability

to maintain the population of stem-like cells coincident with the generation of

more differentiated daughter cells.

Consequently, an understanding of normal somatic SCs, including the expres-

sion of cell surface markers that can be used to distinguish hierarchical cells

within the tissue as well as the molecular mechanisms regulating proliferation (or

quiescence), survival, and, importantly, renewal, is critical to elucidating corre-

sponding CSCs in tumors. With this in mind, we shall describe our current knowl-

edge of the normal prostate and prostatic lineages, prior to a discussion of evi-

dence pointing to the existence of prostate tumor–derived CSCs, and the possible

therapeutic advantages of targeting such malignant stem-like cells in the clinic.

THE PROSTATE AND PROSTATIC STEM/PROGENITOR CELLS

The prostate is a hormonally regulated male secretory organ composed of a mul-

titude of cells, some of which possess renewal properties.15,36,37 Androgens stim-

ulate prostatic growth and development during sexual maturation, and the adult

prostate has a predilection to continue to grow, albeit slowly, throughout life.

Although structurally distinct, both mouse and human prostate glands exhibit a

tubular architecture.38 A myriad of supportive cells, predominantly stromal cells

and contractile smooth muscle cells (as well as endothelial and nerve cells), sur-

round the acini, composed mainly of two histologically distinguishable epithelial

cell types that are derived from the urogenital sinus: basal cells and secretory lumi-

nal cells39,40 (see Figure 2–1). Basal cells are localized in a thin layer adjacent to

the basement membrane surrounding each duct, with abundant exocrine lumi-

nal cells residing above proximal to the lumen. Interspersed between the layers

are rare neuroendocrine cells, possibly of neural crest origin41 or, alternatively,

derived from a multipotent epithelial precursor cell.15,42

Complex signaling networks modulate prostate epithelial cell fate, and a key

example is the action of the androgen hormone testosterone. Testosterone is

enzymatically converted to a physiologically active form dihydrotestosterone

(DHT), mainly in prostatic basal cells.43 DHT then diffuses into nearby cells,

where it binds to inactive androgen receptors (AR), promoting its translocation

into the nucleus and the transcriptional activation of target gene expression such

as differentiation markers in luminal cells (e.g., prostate specific antigen [PSA]

and the homeobox transcription factor NKX3.1) and peptide growth factors in

stromal cells. Transit-amplifying cell (i.e., progenitor cell) proliferative activity

and luminal cell survival depend on these stromal cell–derived androgen-induced

peptide growth factors.43 As a consequence of these cell-signaling interactions,

androgen deprivation in the adult (by castration or hormonal ablation) results

in involution of the gland, largely due to apoptosis of the androgen-dependent

luminal cells. Androgen restoration regenerates the gland, a process that can be

repeated numerous times, and this renewal capacity is among the first evidence

pointing to the existence of prostatic SCs.9,44



Prostate cancer stem cells 19

Figure 2–1: Prostatic glands are ductal structures composed of phenotypically and functionally
distinct cells. Prostate epithelial cells include basal cells, located adjacent to the basal lamina,
and cuboidal exocrine luminal cells, above and facing the lumen. CK5+/CK14+/CD44+/p63+

basal cells also include α2β1high, ABCG2+, and/or CD133+ subsets that may be partially overlap-
ping. CK8+/CK18+/CD57+/AR+ luminal cells function to produce prostatic secretions, including
prostate-specific antigen (PSA), probasin (Pb), and prostatic acid phosphatase (PAP). Intermedi-
ate cells (located in either the basal or luminal layers) express both basal and luminal markers
(e.g., CK5+CK18+) and possibly represent transit-amplifying cells (TACs), and as such, they may
co-express prostate stem cell antigen (PSCA), a marker of prostate progenitor cells. The cell sur-
face marker Sca-1 (Stem Cell Antigen–1) is broadly expressed in mouse prostate, but in the
adult, it marks primitive, multipotent stem/progenitor cells co-expressing integrin α6 (CD49f).
Neuroendocrine cells, interspersed between the basal and luminal layers, may be identified as
chromograninA+/synaptophysin+ cells. See color plates.

Although the developmental pathways and cell lineages of the prostate are

relatively well understood, the precise identity and localization of the pro-

static SCs have been scarcely elucidated, especially in humans. The expression

of molecular markers permits the discrimination of basal (e.g., CK5+, CK14+,

CD44+, and p63+) versus luminal (e.g., CK8+, CK18+, CD57+, PSA+, and ARhigh)

cells39,45–48 (see Figure 2–1). Additional cell types present at lower frequency may

also be distinguished and include neuroendocrine cells (e.g., chromogranin+,

synaptophysin+, AR−) and intermediate cell types that coexpress both basal and

luminal cell markers (e.g., CK5+, CK18+) (see Figure 2–1). The exact interrelation-

ships between these lineages is subject to speculation. Various proposed models

include a linear relationship, with renewing, slow-cycling prostatic SCs residing

in the basal layer, giving rise to differentiated basal and luminal cells (and, pos-

sibly, neuroendocrine cells) via rapidly proliferating transit-amplifying cells (see

Figure 2–2). Alternatively, distinct basal and luminal SCs could exist separately,

each giving rise to differentiated counterparts in their respective cell layers. Some

observations supporting the existence of luminal SCs include evidence of long-

lived, quiescent LRCs in both the basal and luminal cell layers of the mouse

prostate9 as well as evidence that p63−/− cells can generate prostatic tissue con-

taining luminal-like cells even in the absence of phenotypically normal basal

cells.49 However, the prevailing view is that the predominance of self-renewing,
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Figure 2–2: A hierarchical model of possible lineage relationships between cells in the normal
adult prostate. Slow-cycling prostate stem cells (PSCs), residing in the basal layer adjacent to the
basement membrane, possess extensive self-renewal abilities (curved arrow) and multipotency.
PSCs divide to give rise to highly proliferative TACs with reduced renewal potential. TACs generate
lineage-restricted terminally differentiated basal cells and luminal cells. Alternative origins are
also possible; for example, distinct luminal TACs may arise via basal-layer TACs or directly from
PSCs (dashed arrow). The origin of neuroendocrine cells is currently unknown, but these cells may
derive from PSC or TAC cells or, alternatively, they may originate from neural crest cells during
development.

stem-like prostatic cells resides in the basal layer, as we shall describe subse-

quently.

Purification and subsequent characterization of cells expressing distinct surface

markers have provided further evidence for the existence of SCs in the prostatic

epithelium. For example, in human prostate, very rare CD133+/α2β1+ cells local-

ized within the basal cell layer have been shown to possess a higher proliferative

capacity in vitro and the ability to produce differentiated CK18+ luminal cells on

transplantation (with human stromal cells) into the flanks of athymic nude mice

in vivo.10 A murine-restricted cell surface marker Sca-1 (Stem Cell Antigen–1)

has been shown to mark slow-cycling multipotent LRCs enriched in the mouse

prostate tubules proximal to the urethra.50,51

The development of tissue recombination techniques by Cunha and Lung52 has

proven to be a powerful methodology to analyze the tissue reconstitution abilities

of prostate cells.40,53 Dissociated prostate epithelial cell populations are combined

with urogenital sinus mesenchyme (UGSM) from mid-gestation rat (or mouse)

embryos and transplanted under the kidney capsule in immunocompromised
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recipient mice. Stromal-epithelial cell signaling induces growth and differentia-

tion of the epithelial cells, permitting analysis of candidate prostatic SCs and/or

loss-of-function effects of particular genes. Using this approach, normal murine

prostatic epithelial SCs have been definitively identified recently as Sca-1+CD49f+

(integrin α6) basal cells, accounting for virtually all of the clonogenic potential

of prostatic epithelial cells in vitro and the ability to recapitulate prostatic tubules

when transplanted as tissue recombinants in vivo.11,37 Remarkably, these tubules

are of a clonal origin, providing compelling evidence of the existence (and iden-

tity) of normal mouse pluripotent prostate stem cells.

PROSTATE CANCER (PCa)

Prostatic hyperproliferative diseases occur with increasing frequency in older

males. These include benign prostate hyperplasia (BPH), a nonmalignant expan-

sion of prostatic stromal and epithelial cells; prostatic intraepithelial neoplasia

(PIN), an early malignant expansion of prostatic epithelial cells; and the most

detrimental, invasive adenocarcinoma with metastatic potential. Although the

etiology of PCa remains poorly understood, clearly a loss of homeostasis (i.e.,

aberrant cellular expansion) is fundamental to the manifestation of the disease.

Inflammation, diet, and genetic predisposition have been implicated in the nat-

ural activation of prostate cell turnover due to cell death and subsequent pro-

liferation during regeneration.43 Importantly, PCa occurs in human males with

high incidence and is generally multifocal, with numerous distinct lesions often

present in the same gland. The susceptibility of the prostate and other epithelial

tissues with regenerative properties, such as the skin, intestine, and breast, to

tumor development suggests that renewing cells may be particularly amenable

to transformation.

PCa,like many other epithelial tumors, has been proposed to be an SC dis-

ease such that relatively rare tumorigenic stem-like cells potentiate prostate

tumorigenesis.15,36,37 Furthermore, in consideration that normal prostatic SCs are

androgen-independent (see previous discussion and Figure 2–2), prostate CSCs

could survive conventional androgen ablation therapies used to treat PCa patients

with invasive and metastatic tumors. Unfortunately, as is the case with breast can-

cer, hormone ablation therapies are generally not curative, and although tumors

often dramatically regress short term, the tumors usually recur as hormone-

refractory disease.36,37,43 Therefore prostate CSCs are hypothesized to contribute

to tumor initiation, tumor maintenance, and disease progression.Presuming PCa

stem/progenitor cells exist, how can these cells be identified, characterized, and

ultimately targeted?

PROSTATE CSCS

Recently, several laboratories have prospectively isolated and characterized candi-

date PCa stem/progenitor cells from both mouse and human prostates. The initial
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approach targeted the cytotoxic drug–effluxing SP and used the fluorescence-

activated cell sorter (FACS) to separate these cells from dissociated prostate tis-

sues. One study54 utilized tissue samples from patients with BPH, and the results

revealed that approximately 1.5% of the total population presented as SP (higher

than is usually present in the hematopoietic lineage) and contained a mixture

of proliferative cells and smaller quiescent cells. Integrin α2 was found to be

enriched in the SP fraction; however, the size and granularity of the positive

cells indicated that this marker was present on the cell surface of both actively

cycling and quiescent cells, leading the authors to propose that this marker is

not exclusive to prostatic SCs and may be expressed by transit-amplifying cells,

as well.54

Subsequently, our group performed a further analysis of SP cells isolated from

the androgen-dependent LAPC9 PCa xenograft tumors (derived from a human

prostate carcinoma bone metastasis55), representing less than 1% of the bulk

tumor mass, and found an enrichment in the tumorigenicity of these cells trans-

planted subcutaneously (s.c.) into NOD/SCID mice, as compared to the non-SP

cells.34 However, the potential toxicity of the Hoechst dye to the non-SP cells

may confound such studies, and so the MDR transporter ABCG2 was also assayed

(by immunofluorescence cell sorting) as a candidate marker for prostate CSCs.

Interestingly, although ABCG2+ Du145 cells exhibit higher cloning efficiency in

vitro at early time points, ABCG2− cells actually gave rise to a higher frequency of

large colonies later. Taken together with observations that ABCG2+ and ABCG2−

Du145 cells were similarly tumorigenic when transplanted s.c. into immuno-

compromised recipient mice, these findings suggest that ABCG2 may not be the

key mediator of the SP accounting for the increased tumorigenic potential of

these cells. Gene expression profiling in this study was consistent with identifi-

cation of ABCG2+ cells as tumor progenitor cells, rather than CSCs.34 However,

researchers in a separate study found similar gene expression profiles between the

SP and ABCG2+ prostate cells, leading authors to propose that both populations

may represent prostatic SCs.56

Normal human prostatic basal cells express the cell adhesion molecule CD44.46

CD44 isoforms, or splice variants, have also been recently evidenced to be a

marker of cancer stem/progenitor cells in a variety of tissues, including the breast

and prostate.24,29,57 Immunofluorescence-based cell sorting for CD44+ cells from

xenograft tumors, such as LAPC4 (lymph node metastasis derived), LAPC9, and

Du145, enriched for highly tumorigenic and often metastatic PCa cells,29 with

CD44-expressing cells ranging widely in frequency from 1% up to 20% of the

total cells. In addition to exhibiting higher tumor incidence and shorter latency

when injected s.c. in vivo, CD44+ Du145 cells plated at clonal density (in two

dimensions on plastic) proliferated more extensively than did CD44− cells. Of

particular interest, CD44+ (AR−) cells from LAPC4 and LAPC9 were shown to

possess sphere-forming abilities and multipotency, as evidenced by the ability

of these cells to give rise to CD44− and/or AR+ cells. Taken together with obser-

vations that these cells express mRNA for some potential renewal genes, such

as β-catenin, Smoothened (a signal transducer in the Sonic Hedgehog pathway)

and Bmi (a member of the Polycomb group family of transcriptional repressors)
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were enriched in the CD44+ population, and these findings suggest that CD44+

PCa cells are stem-like cells. However, as CD44− cells, at high cell numbers and

long latencies, can give rise to tumors containing both CD44− and CD44+ cells,

it is possible that a minor subset of CD44− cells are actually more primitive CSCs

than the CD44+ cells, although relative contributions of contaminating cell pop-

ulations (based on the purity of the cell preparation) cannot be eliminated as a

contributing factor.

Further elucidation of the human PCa lineage hierarchy has analyzed the

collagen-interacting integrins (α2β1) and the previously identified normal

human prostate SC marker CD133,10 a marker that has subsequently been shown

to be expressed by PCa cells in situ.58 Collins and colleagues28 adapted their

protocol to primary prostate tumor specimens and showed that the in vitro

proliferative potential of CD44+/α2β1high/CD133+ cells (less than 1% of the

bulk population) is significantly higher than the negative or single positive

cells (CD44+/α2β1high/CD133+ > CD44+/α2β1high/CD133− � CD44+/α2β1low/

CD133−). Furthermore, these cells were shown to possess enhanced secondary

cloning efficiency, suggesting that the CD133+ fraction contains long-term

renewing abilities, and gave rise to a mixed population of cells in the presence

of androgen, therefore also exhibiting the SC feature of multipotency.28 How-

ever, the tumorigenic potential of these cells was not reported, and in indepen-

dent studies using the LAPC4/LAPC9 xenograft models, we have found similar

tumorigenicities between CD44+/α2β1high and CD44+/α2β1low cells.59 A hierar-

chical model has been proposed in which the cells with the highest proliferative

and renewal potential include the SP and CD133+ cells partially overlapping

CD44+ cells and marking putative prostate CSCs. In this schematic, expression

of CD44 extends farther downstream in the lineage hierarchy to include α2β1high

and ABCG2+ progenitor cells, followed by the fully differentiated CD44− (and

AR+) PCa cells with the lowest clonogenic and tumorigenic potentials29,36 (see

Figure 2–3).

Long-term cultured human prostate tumor cells (and xenografts) have been

evidenced to contain stem-like cells with enhanced cloning efficiency,60 clono-

genicity (both in two and three dimensions), and tumorigenicity.36,61 We have

found that prostate tumors initiated from holoclones can be serially passaged

and express higher levels of stemness markers such as CD44 and β-catenin.61

In separate experiments, hTERT immortalized HPCa-derived epithelial cell lines

have recently been developed that exhibit SC characteristics, including tumor

reconstitution (i.e., multipotency), expression of the early progenitor cell surface

marker CD44, and expression of mRNA encoding CD133 as well as the ESC cell

fate regulatory transcription factor Nanog.62

SELF-RENEWAL MACHINERY AND THE MOLECULAR MECHANISMS
REGULATING CSC CELL FATE

Considering that tumor-initiating and tumor-maintaining cells possess certain

attributes of SCs, what molecular mechanisms account for the acquisition (or
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Figure 2–3: A tumorigenic hierarchy provides evidence of prostatic cancer stem cells (CSCs) in
xenograft tumors. Prostate CSCs are relatively rare tumor-(re)initiating cells that can be prospec-
tively purified and assayed in vitro for proliferative potential (e.g., clonal and/or clonogenic growth)
and in vivo for tumorigenicity by transplantation into immuno-compromised recipient mice. In this
model, CSCs, possessing the highest proliferative capacity and self-renewal (solid line), and tumor
progenitors, possessing the highest proliferation rate (dashed line), are the most clonogenic and
tumorigenic, whereas the bulk of the tumor, consisting of differentiated luminal-like cells, are
non-tumorigenic. See color plates.

maintenance) of the SC state? Over expression of classical self-renewal genes has

proven oncogenic in some systems, such as the ectopic expression of Oct4,63,64

constitutively active β-catenin,65 and Sonic Hedgehog.66 Indeed, many of the

cell-signaling pathways known to regulate normal SC self-renewal, including

Wnt/β-catenin, Sonic Hedgehog, Notch, and PTEN, have also been shown to play

pivotal roles in tumorigenesis, possibly by maintaining CSC self-renewal.14,22,67

A panoply of genetic mutations and epigenetic alterations, including those

that affect renewal processes, have been evidenced to contribute to PCa, and

these alterations can occur in innumerable combinations. Interestingly, trans-

duction of Sca-1+ murine prostate SC-enriched cells with constitutively active

AKT (a critical regulatory protein of the AKT/PTEN signaling axis), followed by

recombination of these cells with UGSM and implantation under the kidney cap-

sule, was sufficient to initiate tumorigenesis, as indicated by the presence of PIN

lesions and prostate carcinoma in situ within the enlarged grafts.51

In separate studies, conditional knockout of PTEN has been shown to lead to

metastatic PCa, and although most of the prostate tumor cells in this trans-

genic system undergo apoptosis in response to castration and regress, some

androgen-independent cells survive and continue to proliferate,68 reminiscent

of human hormone-refractory disease. Furthermore, PTEN deletion leads to the
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expansion of stem/progenitor cells in these PTEN-null prostate tumors, includ-

ing the Sca-1+ population that overlaps with basal cells (p63+/Bcl2+) and transit-

amplifying cells (CK5+/CK8+).69 These findings suggest that PTEN negatively reg-

ulates the proliferation and, possibly, the self-renewal of prostate stem/progenitor

cells.

Other potential regulators of proliferation and cell fate (i.e., self-renewal)

evidenced to play a role in PCa may include Wnt/β-catenin,70 Notch/

Jagged,71,72 Sonic Hedgehog,73,74 and Stat3.75,76 Additional novel self-renewal

molecules regulating prostate tumorigenesis will, undoubtedly, be revealed by

future studies.

THE CELL OF ORIGIN OF PCa

Although the majority of human prostate tumors are composed of differentiated

luminal-like cells (e.g., CD44−/AR+), these cells appear to have reduced clono-

genicity in vitro and tumorigenicity in vivo.28,29 On the contrary, a subset of

multipotent cells expressing stem/progenitor cell markers (e.g., CD44 and/or

CD133) has been shown to enrich for clonogenic and tumorigenic cells.28,29

These observations suggest origination within a primitive cell. On the other hand,

because these phenotypic characteristics (i.e., expression of cell surface markers)

can be acquired, these experimental findings do not sufficiently address the cell

of origin of prostate tumorigenesis. Genetically tractable mouse models of PCa

will likely provide additional evidence of tumorigenic transformation in prostatic

stem/progenitor cells. For example, PTEN deletion in both basal and luminal cells

leads to the selective expansion of basal-like Sca-1+ stem/progenitor cells coin-

cident with tumor initiation,69 suggesting that primitive cells within the basal

layer may be the cell of origin in this model system. Further experiments, such

as lineage tracking, will be required to further elucidate the nature of the cell of

origin (or, more likely, cells of origin) of PCa.

CONCLUSION AND SIGNIFICANCE

PCa is a disease that progresses from an androgen-dependent to an androgen-

independent state. Normal prostatic SCs are known be insensitive to androgen

withdrawal, and it appears that prostatic CSCs are also able to survive androgen

ablation. Consequently, these cells represent critical clinical therapeutic targets

in the successful treatment of hormone-refractory disease, and novel methods

to selectively target prostate CSCs are urgently needed. The most effective target

may, in fact, be renewing stem-like cells regardless of the cell of origin, and suc-

cessful therapy could potentially cure PCa by reestablishing tissue homeostasis

such that a balance among proliferation, cell death, and differentiation is reac-

quired. It is our hope that the current investigations into PCa stem/progenitor

cells will shed light on the etiology of the disease and reveal unique molecular
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mechanisms by which these tumor-initiating, tumor-maintaining, and often

metastasis-mediating malignant cells may be targeted in the clinic.
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BACKGROUND AND DEFINITIONS

Cutaneous melanoma is among the most aggressive types of human cancer, and

if untreated, virtually every melanoma has the potential to metastasize.1 While

patients with locoregional disease and low tumor thickness can be cured in 90%

of cases by surgery, the majority of patients with advanced disease die because of

the inefficiency of current therapy regimens.2

Cutaneous melanoma is historically defined as a malignant tumor derived

from the transformation and proliferation of epidermal melanocytes, enabling

a stepwise progression from common melanocytic nevus to radial growth

phase melanoma, vertical growth phase melanoma, and finally, metastatic dis-

ease.3–5 However, recent data suggest that a considerable proportion – around

60% to 75% – of melanomas develop de novo, without any precursor lesions.6,7

On the basis of these observations and repeated findings on melanoma hetero-

geneity,8–10 an alternative hypothesis has been put forth in light of the emerging

cancer stem cell (CSC) concept.11 Mounting evidence suggests that melanoma
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may arise from a multipotent CSC that is able to self-renew via asymmetric

division, differentiate into diverse progenies, and drive continuous growth.12–14

In this context, the term melanoma stem cell represents an operational defini-

tion indicating a multipotent tumor-initiating cell subset that – although mon-

oclonal in origin – can give rise to a three-dimensional, heterogeneous progeny

that caricatures the tissue of origin. According to this, melanoma would become

functionally heterogeneous as a result of gradual differentiation of cells and

not due to the coexistence of multiple genetic subclones resulting from inde-

pendent somatic mutations.15,16 Although parallels to normal melanocyte stem

cells exist, the melanoma stem cell is provisionally defined by its stem cell–like

properties, that is, the capability to self-renew and to transdifferentiate, and not

by its cell of origin, which is still unknown to date (adult melanocyte stem

cell, more differentiated progenitor cell, mature melanocyte, or a product of cell

fusion).

PHYSIOLOGIC MAINTENANCE OF MELANOCYTES IN SKIN AND HAIR
FOLLICLE: THE ADULT MELANOCYTE STEM CELL

Melanocytes, or rather, their progenitors, termed melanoblasts, represent migra-

tory cells wandering from the neural crest to populate the basal layer of the

early epidermis and the hair follicle.17,18 Apparently, malignant melanoma cells

recapitulate the migratory capacity of their immature progenitors, which may

contribute to their highly metastatic potential.19

Recent data suggest how functioning and maintenance of normal melanocytes

are further guaranteed after birth.10,20 For example, studies using Dct-lacZ trans-

genic mice have allowed identification of putative melanocyte stem cells as a

source of melanocyte maintenance within the lower permanent portion of the

murine hair follicle.21 Phenotypically immature, slow-cycling (dormant), and

self-renewing melanocytic stem cells were found to be localized in the bulge

area, also a well-characterized niche for epithelial adult stem cells. During the

hair cycle, these melanocytic stem cells periodically differentiate into melanocyte

precursor cells that migrate to the hair bulb, where they finally differentiate into

mature melanocytes. Several studies have subsequently identified some candi-

date markers for these follicular melanocyte stem cells. Using single-cell cDNA

amplification from dissected murine hair follicles, Osawa and colleagues obtained

gene expression profiles indicating that most markers involved in melanocyte

development, such as SOX10, Tyr, Tyrp1, Lef1, Kit, and Mitf, were absent in the

melanocyte stem cells, whereas Pax3 and Dct were significantly expressed.22 In

contrast, melanocytes from the hair matrix at the bulb expressed all markers and

therefore could be clearly distinguished.

According to the known functions of murine melanocyte stem cells, also in

human hair follicles, melanocyte stem cells of the bulge area may represent an

indefinite source of pigment cells. A corresponding population of cells with stem

cell properties could recently be isolated from isolated human hair follicles.23

Stemness of this newly detected adult stem cell population was confirmed by
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the cells’ ability to self-renew in serial dilution assays and to differentiate into

several tissues, including melanocytes, smooth muscle cells, and neurons, using

tissue-specific culture conditions. Like their murine counterparts, these cells did

not express Tyrp1 and Mitf. However, two embryonic stem cell markers, Oct4

and Nanog, were significantly expressed and were considered potential markers

for identification of melanocyte stem cells in humans. Further studies are needed

to elucidate the role of these cells during the human hair cycle and to explore

their full stem cell potential, with further regard to a better understanding of

abnormal stem cell functioning, for example, in melanoma.

In contrast to the situation in the epidermis, where pigmentation is maintained

throughout life, in hair follicles, cyclic functioning of melanocyte stem cells

can be temporally restricted, which becomes apparent when hair starts to gray.

Using two different murine models of hair graying, the Bcl2 null mouse and the

Mitfvit mouse, Nishimura and colleagues24 showed that hair graying is a result of

incomplete melanocyte stem cell maintenance in the bulge region. From their

studies with Bcl2 null mice, they concluded that Bcl2 provides a survival signal

necessary between hair cycles to protect melanocyte stem cells from apoptosis

during their transition from the active into the dormant state. Studies of the

Mitfvit mouse demonstrated that, without functional Mitf, melanocyte stem cells

undergo ectopic, premature differentiation while residing in the bulge or lose

their ability to migrate to the bulb area of the hair matrix before differentiation.

For humans, comparable studies are still lacking.

It also remains unanswered whether there is another niche in the human skin

apart from the bulge area that, for example, could explain the differences in

pigmentation maintenance of skin and hair. Recent data on multipotent precur-

sor cells isolated from murine neonatal skin or from human foreskin biopsies

suggest that there might be a non–follicle-associated stem cell reservoir in the

dermis, too.25,26 However, it is also conceivable that no second epidermal niche

exists. As demonstrated by Nishimura and colleagues,21 transiently amplifying

cells, which represent the direct progeny of melanocyte stem cells, can escape

their follicular niche and migrate to the epidermis, where they can further dif-

ferentiate into pigmented melanocytes. Interestingly, this finding is mirrored by

clinical observations from patients with vitiligo, a depigmentation disorder result-

ing in the loss of epidermal melanocytes. After initial loss of skin pigmentation

in vitiligo patients, a repigmentation, beginning from the hair follicles, can be

observed during recovery, suggesting the existence of a migratory, follicle-derived

cell pool that restocks the epidermis with melanin-producing melanocytes.27

EVIDENCE FOR A MELANOMA STEM CELL WITH SELF-RENEWAL
AND TRANSDIFFERENTIATION PROPERTIES

During the past decades, indirect evidence has supported the presence of

melanoma stem cells. First, melanomas show phenotypic heterogeneity both

in vitro and in vivo, suggesting an origin from a cell with multilineage differen-

tiation abilities. Melanomas retain their morphologic and biological plasticity,
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Figure 3–1: Formation of melanoma spheres. (a) Using regular growth conditions for melanoma
cells, dissociated cells from a primary melanoma sample adhere and develop a typical dendritic
morphology. (b) If the dissociated cells are grown under human embryonic stem cell conditions,
nonattaching cell clusters can be observed, which, finally, (c) grow to spheres.

despite repeated cloning.8 Second, melanoma cells often express developmental

genes such as Sox10, Pax3, and Mitf.28,29 Melanomas also express the intermediate

filament Nestin, which is associated with multiple stem cell populations.30 Third,

melanoma cells can differentiate into a wide range of cell lineages, including neu-

ral, mesenchymal, and endothelial cells. They frequently exhibit characteristics

of neural lineages.31

Next to these indirect findings, recent scientific work has discovered direct

evidence for the existence of melanoma stem cells. Applying growth conditions

suitable to human embryonic stem cells, such as the use of a human embryonic

stem cell medium, Fang and colleagues12 found a subpopulation of melanoma

cells propagating as nonadherent spheres in approximately 20% of metastatic

melanomas, whereas in standard media, adherent monolayer cultures developed

(Figure 3–1). The human embryonic stem cell medium was used because it selects

stem cells, while differentiated cells rapidly die in response to the abundance

of included mitogens.12 Sphere formation of in vitro cultured cells had been

supposed by different groups to be a common growth characteristic of stem cells,

including neural crest–derived stem cells.32–36

Melanoma spheres can differentiate under appropriate culture conditions into

multiple lineages, such as melanocytes, adipocytes, osteocytes, and chondrocytes,

recapitulating the plasticity of neural crest stem cells. Multipotent melanoma

spheroid cells persisted over several months after serial cloning in vitro and trans-

plantation in vivo, indicating a stable capacity to self-renew. Interestingly, sphere

cells were more tumorigenic than their adherent counterparts when grafted into

mice. Finally, the authors found that the stemness criteria were significantly

enriched in a small CD20-positive subpopulation of the spheres, indicating that

CD20 might be a suitable surface marker for the identification of melanoma stem

cells. This is interesting for two reasons: first, CD20 has been recently described

by gene expression profiling as one of the top 22 markers defining aggressive

melanomas,37 and second, monoclonal antibodies against CD20 have already

become a standard therapy in non-Hodgkin’s lymphoma.38

Recent publications revealed another marker, CD133, to be commonly

expressed in tumor-initiating populations from neuroectodermal tumors such

as medulloblastoma and glioblastoma.35,39 CD133, also known as prominin-1,

is a cell surface glycoprotein first isolated from hematopoietic stem cells. Its
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function has not been fully established so far, but it may play a role in the

regulation of membrane topology.40 A tissue microarray study of a large num-

ber of human samples has now revealed that melanocytic tumors such as benign

nevi, in situ melanomas, and advanced melanomas express CD133.41 The authors

found a stepwise increase in the proportion of CD133-positive cells from nevi

to melanoma and melanoma metastases. Nevi revealed a more focal expres-

sion pattern, whereas melanoma and metastases showed a diffuse expression

pattern. Using fluorescence-activated cell sorting (FACS) from freshly isolated

melanoma cells, Monzani and colleagues42 additionally demonstrated that the

CD133-positive subpopulation represents less than 1% of the total tumor mass

of melanoma, a finding consistent with designated stem cell subpopulations

from other tissues. Like the CD20-positive population defined by Fang and col-

leagues,12 CD133-positive melanoma cells revealed an increased tumorigenic-

ity when injected into nonobese diabetic/severe combined immunodeficiency

disease (NOD/SCID) mice. In contrast to the CD20-positive subpopulation, in

Monzani and colleagues’ report, CD133-positive cells were more present in the

adherent fraction of the analyzed melanoma cell line compared to the floating

subpopulation. However, because stringent experiments on self-renewal and the

transdifferentiation capacity of CD133-positive melanoma cells are lacking, the

role of CD133 as a potential melanoma stem cell marker remains elusive.

Another common criterion for identification of stem cells is the ability to efflux

Hoechst 33342 dye and thus to exhibit low fluorescence in FACS analysis.43 Using

flow sorting of three melanoma cell lines isolated from lymph node metastases,

Grichnik and colleagues14 detected a tiny subpopulation (also called the side pop-

ulation) of small-sized cells with both high Hoechst 33342 efflux and the ability

to give rise to cells of different morphology when cultured in vitro. Cells from this

subpopulation additionally showed a low proliferation rate but a high ability to

self-renew. Noteworthy was the finding that the premelanosomal marker gp100

and the known stem cell marker Nestin were more highly expressed in Hoechst

33342–low cells, whereas nerve growth factor receptor (NGFR) better labeled

large, Hoechst 33342–high cells. The authors admitted that marker expression

levels were highly variable and that the results could not be replicated under

all culture conditions. However, the morphologic and antigenetic heterogene-

ity of the progeny remained stable after repeated single-cell cloning of Hoechst

33342–low cells. This strengthens the assumption that melanoma is based on a

mutant stem cell giving rise to a phenotypically but not genetically heteroge-

neous progeny and is not based on the accumulation of different mutant clones

(which would have been indicated by expansion of a uniform cell population

after single-cell cloning). This hypothesis has been lately reinforced by clinical

observations. Wang and colleagues44 reported an interesting case of a patient with

metastatic cutaneous melanoma who had experienced several recurrences over

a decade of follow-up. From each recurrence, biopsies were taken and cell lines

established. Using karyotyping and comparative genomic hybridization (CGH),

the authors identified consistent genetic traits in spite of divergent phenotypes,

suggesting that all metastases were derived from the same clone of origin and
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that, after metastatic nidation, a phenotypically variable progeny arose. Some

years before this study, clonal progression of primary cutaneous melanoma had

been shown for the transition from the radial growth phase into vertical-growth-

phase melanoma (CGH)45,46 and the development of in-transit metastases (loss

of heterozygosity).47

However, the question of which definite cell type initially acquires the essential

tumor-initiating genetic hit has not been answered by any of the studies reported

so far. If cancer arises from a series of genetic mutations, stem cells would have

more opportunity to accumulate mutations because of their long life span. Adult

melanocyte stem cells may be the ideal target for accumulating mutations, but

the rarity of adult melanocyte stem cells may counter this theory because of the

low probability that they could be targeted by mutations, for example, due to

their exposition to potential carcinogens like ultraviolet irradiation. The relative

abundance of transient amplifying progenitor cells derived from stem cells and

their ability to retain a partial self-renewal capacity makes them more likely

candidates for initial transforming events. Finally, it is also conceivable that

mutated somatic cells can fuse with normal stem cells, thereby generating cancer

stem cells.48

MOLECULAR SIGNALING PATHWAYS THAT MAINTAIN STEMNESS

Self-renewal and quiescence of normal stem cells are regulated in various organ

systems by the same key signaling pathways that are also found deregulated in the

progression and metastases of many tumors, including melanoma (i.e., Notch,

Hedgehog, and Wnt signaling).48,49

Notch signaling

Self-renewal via asymmetric cell division is a conserved mechanism for establish-

ing different cell fates during development.50 The Numb gene product, which

acts as an inhibitor of both the Notch and the Hedgehog pathways, represents a

segregating factor. This means that the Numb protein is only distributed into one

of the two daughter cells after asymmetric cell division.51,52 It was supposed that

loss of control of asymmetric cell division might contribute to the hyperprolifer-

ation of daughter cells and thus to cancer development.48 Although the role of

Numb itself in melanoma development has not been targeted so far, the Numb-

regulated Notch pathway represents an expanding field in melanoma research.

It was shown that constitutive activation of Notch1 by ectopic expression of the

Notch1 intracellular domain (NIC) enables primary melanoma cell lines to pro-

liferate in a serum-independent and growth factor–independent manner in vitro

and to grow more aggressively with metastatic activity in vivo.53 Interestingly,

Notch signaling can be mediated by activation of the beta catenin or the mitogen-

activated protein kinase/phosphatidylinositol 3-kinase-Akt pathways.53,54 This is

of particular interest because Notch signaling is implicated in the maintenance
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of the stem cell population in several tissue types, including several neuroecto-

dermal tissues.55 In a recent report, Moriyama and colleagues56 highlighted the

vital role of Notch activation in promoting the survival of melanocyte precursor

cells, melanoblasts, and melanocyte stem cells. Using the Tyr-Cre;RBP-Jf/f mouse

model, which is characterized by the absolute absence of melanocytes in hair fol-

licles, they detected an impaired melanogenesis secondary to disruption of the

NIC/RBP J–mediated transcriptional control of Notch target genes such as Hes.

They could reproduce the Tyr-Cre;RBP-Jf/f phenotype when they treated E13.5

embryos with a pharmaceutical Notch inhibitor, DAPT, before being grafted to

immunodeficient mice. In vivo rescue experiments with DCT-Hes1 transgenic

mice (where the Notch target Hes1 is specifically expressed in melanoblasts)

in turn led to maintenance of melanocyte precursor cells. In sum, they sug-

gested a key role of Notch signaling in maintaining the survival of embryonic

murine melanoblasts and melanocyte stem cells. Furthermore, overexpression of

Notch receptors and their ligands Jagged-1, Jagged-2, and Delta correlated with

melanocytic tumor growth and progression in vivo.57

Hedgehog signaling

The Hedgehog pathway has been long known to be required for the growth of a

number of human cancers, particularly sporadic nonmelanoma skin cancers,58

and has a critical role in the growth of the dorsal brain, near the sites of ori-

gin of melanogenic precursors.59 Stecca and colleagues60 showed that Hedgehog

SHH-GLI signaling is also active in the matrix of human hair follicles and that it

is required for the normal proliferation of human melanocytes in culture. SHH-

GLI signaling additionally regulated the proliferation and survival of human

melanomas. The growth, recurrence, and metastasis of melanoma xenografts in

mice were prevented by local or systemic interference of HH-GLI functioning.

Moreover, the authors showed that oncogenic RAS-induced melanomas in trans-

genic mice express Gli1 and require HH-GLI signaling in vitro and in vivo.

Wnt signaling

Another important family of developmental signaling molecules in melanocyte/

melanoma biology is the Wnt family. Wnt1 is involved in various cellular pro-

cesses, including proliferation, migration, and differentiation in embryonic devel-

opment and adult homeostasis.61 Canonical Wnt1 signaling is critically involved

in the control of the migration/invasion behavior of human mesenchymal stem

cells.62 In melanoma, several downstream targets of Wnt1, such as APC, Lef1, and

beta catenin, are affected, leading to activation of this pathway. Beta catenin, the

key mediator of Wnt1, can induce ubiquitous genes, such as Myc or CyclinD1,

and melanocyte-specific genes, such as Mitf-M and Dct. Mitf plays a critical role

in melanocyte survival, proliferation, and differentiation.63 The role of Mitf in

the maintenance of murine melanocyte stem cells in the hair follicle was elu-

cidated by Nishimura and colleagues,24 as reported previously. Wnt5a, which is
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another member of the Wnt family, signals independently from beta catenin

via activation of phospholipase C, causing phospholipid turnover in the mem-

brane, calcium release from intracellular stores, and an increase in protein kinase

C (PKC) activity. Weeraratna and colleagues64 observed an enhancement of

melanoma cell invasion in direct correlation with Wnt5a expression and PKC

activation. Blockage of this pathway using antibodies to Frizzled-5, the receptor

for Wnt5a, led to an inhibition of PKC activity and cellular invasion. Further-

more, Wnt5a expression in human melanoma biopsies directly correlated with

increasing tumor grades.64

THE MELANOMA STEM CELL NICHE

Stem cells reside within a specialized microenvironment called the stem cell

niche. Stem cell niches are not merely repositories for stem cells, but rather,

they are complex dynamic entities that actively regulate stem cell function and

fate.65,66 The composition of the niche involves heterologous cell types, matrix

glycoproteins, locally and distally derived secreted signal molecules, and local

metabolic conditions. Exit from the niche is usually accompanied by stem cell

differentiation.67,68

Observations from several cancers demonstrate that the niches from normal

and malignant tissue can be similar in composition. For example, glioblastoma

stem cells are found in intimate contact with the aberrant tumor vasculature,

mimicking the physiological niche in which neural stem cells interact with blood

vessels of the subventricular zone.67 Particularly in the case of melanoma, where

the cancer stem cell niche has yet to be identified, knowledge of the physio-

logical melanocyte stem cell niche and its key components might guide future

research. Furthermore, many key players of normal and malignant stem cell

niches are evolutionally conserved and may act as additional indicators for the

melanoma stem cell niche.49 For example, tumor stroma–derived bone morpho-

genetic proteins (BMPs) and their antagonists are known to play a crucial role

in stem cell biology as regulators of the balance between expansion and differ-

entiation of stem cells,49 especially in the bulge region of the hair follicle.69,70

Using conditional gene targeting in mice, Kobielak and colleagues69 showed that

BMP receptor IA is essential for the differentiation of keratinocyte progenitor

cells of the inner root sheath and hair shaft. Later on, they observed that when

the BMPR1A gene is conditionally ablated, quiescent stem cells are activated to

proliferate, causing an expansion of the niche and loss of slow-cycling cells.

Surprisingly, stem cells were not lost in these experiments, but rather, they gen-

erated long-lived, tumorlike branches expressing Sox4, Lhx2, and Sonic Hedge-

hog and failing to terminally differentiate to make hair. As key components of

BMPR1A-deficient stem cells,their elevated levels of both Lef1 and beta catenin

were detected. Since recent data additionally suggest an involvement of BMPs in

melanoma cell migration and formation of vascular networks in melanoma,71,72

BMPs may contribute to the maintenance of the melanoma stem cell niche and,
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by this, may represent a possible marker to identify the melanoma stem cell

niche.

Although the surrounding niche can affect the function of melanoma stem

cells, this communication is not unidirectional, and there is evidence that

melanoma stem cells could actively modulate their microenvironment. Using

zebra fish embryos as a biosensor, Topczewska and colleagues73 discovered that

metastatic melanoma cells transplanted into the blastula-stage embryo initiated

formation of either an ectopic outgrowth or a duplicate body axis.74 The authors

identified Nodal as the agent responsible for the formation of the secondary axis,

as overexpression of the Nodal antagonist Lefty-1 effectively prevented its cre-

ation. In addition, Nodal knockdown induced melanoma cell differentiation, as

evidenced by an increase in tyrosinase activity and decreased vascular endothelial

(VE) cadherin and keratin levels.73 As a member of the transforming growth factor

(TGF) beta family, Nodal is frequently involved in processes related to embryoge-

nesis, including the maintenance of pluripotency, regulation of mesodermal and

endodermal development, regulation of neurogenesis, and proper development

of axial symmetry.75 Thus melanoma cells are able to induce the production of a

biological niche, where they can prosper by transforming the microenvironment.

Expanding on the idea that melanoma cells organize their microenvironment

for self-survival, further data show that melanoma cells also express several

endothelium-associated genes, including VE cadherin, tyrosine kinase receptor

1, and ephrin receptor A2, which all are involved in angiogenesis.76 According

to this, melanoma cells with a high degree of differentiation plasticity can con-

tribute to de novo formation of fluid-conducting, matrix-rich tumor blood vessels

via vasculogenetic mimicry.76

THE ROLE OF DORMANT MELANOMA STEM CELLS IN METASTASIS
AND THERAPEUTIC RESISTANCE OF MELANOMA STEM CELLS

Metastasis is a complex multistep process where cancer cells are settling at organs

or tissue sites distant from the primary tumor location. Melanoma is considered

to have a high malignant potency because metastatic spread arises even from

very small tumor masses.77

The prevailing clonal selection model of metastasis contends that genetic muta-

tions obtained late in tumorigenesis provide a selective advantage for cell subsets

to metastasize.49 Recent studies postulate that the capacity to metastasize is pre-

determined by genetic changes already acquired at the initial stages of tumor

development.78 Using gene expression analyses, molecular signatures could be

defined that successfully predict poor prognoses of patients due to the metastatic

potential of their primary tumors.79,80 Strikingly, typical metastasis programs

also seem to be activated in benign tumor lesions, such as melanocytic nevi,

as reported by Gupta and colleagues.81 Their analysis of microarray data from

human nevi showed that the expression pattern of Slug, a master regulator

of neural crest cell specification and migration, correlates with the expression
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patterns of other genes that are important for neural crest cell migration dur-

ing development. Moreover, Slug is required for the metastasis of transformed

melanoma cells. The authors supposed that melanocyte-specific factors present

before neoplastic transformation can have a pivotal role in governing melanoma

progression. However, it is also known that only distinct cancer cell subsets within

primary tumors are preordained to metastasis.82 To understand these findings in

light of the cancer stem cell concept, one has to consider that stemlike cancer cells

obtain both the capacity to initiate primary tumor formation and the capacity to

initiate distant metastasis after escape from their niche.

A recent study correlating stemness and metastatic capacity of melanoma cells

was based on the immunohistochemical expression of the stem cell markers BMI-

1 and Nestin in a large panel of primary melanoma and melanoma metastases as

well as in 53 melanoma cell lines.83 Stem cell renewal factor BMI-1 is a member of

the Polycomb group ring finger gene family and acts as a transcriptional repressor

of the Ink4a/Arf locus encoding p16 and p14, but was also shown to increase

hTERT expression.84,85 Increased nuclear BMI-1 expression was detectable in 64%

of primary melanomas, 71% of melanoma metastases, and 28% of melanoma cell

lines. High Nestin expression was observed in 25% of primary melanomas, 50% of

melanoma metastases, and 40% of melanoma cell lines. Interestingly, there was

a significant correlation between BMI-1 and Nestin expression in cell lines and

metastases indicating stem cell properties of this subset of melanoma cells. Most

interestingly, a high BMI-1/low p16 expression pattern represented a significant

predictor of metastasis. This suggests that BMI-1–mediated repression of p16 may

contribute to an increased metastatic behavior of stem cell–like melanoma cells.

Within their niche, both normal and cancer stem cells remain quiescent for

decades but can become highly dynamic once activated.86 Dormant cancer stem

cells, while not of immediate clinical concern, are also believed to be at least in

part responsible for cancer recurrences because current therapies succeed at elim-

inating bulky disease and rapidly proliferating cells missing the quiescent tumor

reservoir.16,87 Thus the failure to eradicate most cancers, including melanoma,

may be a result of misidentification of the therapeutic target.11,86 Several reports

suggest that cancer-initiating cells, particularly in melanoma, can be more resis-

tant to chemotherapeutic drugs because of their increased expression of anti-

apoptotic proteins or increased activity of drug efflux mechanisms.13,88,89 For

example, Monzani and colleagues42 proposed a phenotype for melanoma stem

cells characterized by CD133 positivity and high expression of the side popu-

lation marker and adenosine triphosphate (ATP) dependent drug efflux trans-

porter (ATP-binding cassette) ABCG2. Frank and colleagues13 demonstrated that,

in malignant melanoma, chemoresistance to doxorubicin can be mediated by

the drug efflux pump ABCB5.

Of all drug efflux transporters, ABCB5 attracted particular attention in the

field of melanoma stem cells because ABCB5 was recently shown to be enriched

in a subpopulation of melanoma cells with high tumor formation capacity

in serial human-to-mouse xenotransplantation experiments.90 In vivo genetic

lineage tracking suggested that ABCB5-positive melanoma cells can also give

rise to a heterogeneous progeny containing ABCB5-negative cells.90 A further
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phenotypic characterization, based on the observation that ABCB5 and related

ABC transporters mark physiologic progenitor cells and tumor stem cells in other

tissues91–93 revealed ABCB5-positive cells to be specifically enriched among a

purified cell subset of a CD133-positive stem cell phenotype, comprising between

0.5% and 2% of all melanoma cells. Immunofluorescence double staining con-

firmed coexpression of both surrogate markers, CD133 and ABCB5, on 2% of

G3361 melanoma cells and a distinct subset of melanoma cells in in vivo sam-

ples.13 However, a more extensive characterization of this phenotype regarding

self-renewal and transdifferentiation, especially on the single-cell level, has not

yet been undertaken.42

Thus, in combination with other candidate markers, drug efflux transporters

may represent melanoma stem cell markers and may guide future therapy

strategies. Another therapeutic option would be to induce dormancy in pro-

liferating melanoma cells to gain additional time for the patient or to release

cells from quiescence to make melanoma stem cells susceptible to traditional

therapies.87

SUMMARY AND FUTURE QUESTIONS

During the past decades, numerous reports have portrayed melanoma as an

aggressive cancer with an exceptionally high degree of heterogeneity and plas-

ticity. Today, a growing body of experimental data provides direct evidence that

many characteristics of melanoma might be founded on the existence of a cell

population with stem cell–like properties. Recent data from several groups suggest

that this subpopulation of low-proliferating melanoma cells has the potential to

self-renew and differentiate into a variety of tissue types. The term melanoma

stem cell presumes that these cells can give rise to a heterogeneous progeny as

a result of a differentiation process caricaturing normal organ development. At

last, melanoma stem cells are believed to initiate and trigger primary melanoma

as well as metastases.

Although most reported findings seem to be highly promising on first view,

on second view, many unanswered questions exist. We do not yet know how

many subpopulations of melanoma cells with stem cell properties exist. First,

is there a definite number of clearly distinguishable subpopulations, or is there

a continuous spectrum of cells, that is, from a master stem cell on one side of

the spectrum, passing through a state of transamplifying cells that gradually lose

their stemness, to differentiated tumor cells on the other side (Figure 3–2)? Sec-

ond, although many cancers contain cells that display stem cell–like features, the

identity of the normal cell that acquires the first genetic hit leading to the tumor-

initiating cell remains elusive in melanoma. Normal cells that already have stem

cell properties represent likely targets, but other mechanisms are conceivable.

Human tissue possesses a much higher plasticity than has been assumed so far.

As was exemplarily demonstrated by Yamanaka and colleagues,94 human skin–

derived fibroblasts can be reprogrammed into an immature pluripotent state. It

could be possible that, within an established tumor, the potential of tumor cells
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Figure 3–2: Melanoma stem cell hypothesis. Recent data indicate that there is a subpopulation of
cells within melanoma that are characterized by stem cell features such as indefinite self-renewal
and differentiation capacity. Melanoma stem cell, as an operational term, suggests that the cell of
tumor origin might already be a cell with stem cell properties, like adult melanocyte stem cells
or their daughter cells, called transamplifying progenitor cells. However, it is also conceivable that
already differentiated melanocytes or their direct precursors, termed melanoblasts, could undergo
dedifferentiation processes. Alternative models comprise cell fusion of somatic cells and blood-
derived stem cells or dedifferentiation of cells from nonmelanocytic lineages such as fibroblasts. It
is unclear how many subpopulations with the ability to self-renew exist in melanoma. According
to normal stem cell biology, a continuous differentiation of quiescent melanoma stem cells into
a heterogeneous progeny is likely (mimicked organ development). In this model, rapidly dividing
transamplifying melanoma cells with a partial (dashed circle) capacity to self-renew would represent
the first generation of daughter cells. Finally, the major percentage of the tumor mass would be
built by differentiated melanoma cells. Although the surrounding niche can affect the function
of melanoma stem cells, this communication is not unidirectional, and there is evidence that
melanoma stem cells could actively modulate their microenvironments. See color plates.

to act as stem cells could change in response to the respective tumor’s needs.

Even more complicating, the question has to be addressed as to whether it is nec-

essarily a cell from the melanocytic lineage that initiates/maintains melanoma.

Could it not also be a plastic mesenchymal cell? Third, almost nothing is known

so far about the niche of melanoma stem cells. What is the impact of the niche

on melanoma development, maintenance, and metastasis? And fourth, how can

we detect and study melanoma stem cells in the future? The first upcoming

markers, such as CD20, CD133, or ABC transporters, are promising, but all have

weaknesses in reproducibility, consistency, and the power to predict stemness,

especially when applied to different melanoma cell lines or in vivo samples. In

the future, better markers and, most likely, marker combinations are needed for

a reliable characterization of melanoma stem cell subpopulations. As a long-term

perspective, melanoma stem cell research will certainly influence and, it is hoped,

improve the diagnosis, prognosis, and therapy of melanoma. Traditional treat-

ments might be recalibrated and investigational therapies developed focusing
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on the ability to target the melanoma stem cell subpopulation and its specific

biochemical pathways.
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In this chapter, recent literature on human and mouse normal mammary gland

and breast cancer stem/progenitor cells will be reviewed. Part of these data will

be gathered from studies performed on stem/progenitor cells in vitro expanded

as multicellular spheroids, called mammospheres (MS). It will be highlighted that

the available data support the notion that normal and putative cancer stem cell

gene expression patterns are close to the basal-like phenotype. Such a phenotype

identifies the normal mammary gland cell compartment that is supposed to har-

bor stem/progenitor cells as well as a subset of highly aggressive/metastatic breast

carcinomas lacking estrogen receptor alpha (ERα) expression and overexpressing

cytokeratin 5/6 (CK5/6), epidermal growth factor receptor (EGFr), interleukin-6

(IL-6), Notch-3, Jagged-1, carbonic anhydrase isoenzyme-IX (CA-IX), vimentin,

and SNAI gene family members. It will be then argued that understanding the

regulation of basal-like gene expression profile is expected to provide an insight

on normal and cancer stem cell–controlling mechanisms. In particular, it will

be pointed out that the pro-inflammatory cytokine IL-6, the stem cell regulatory
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gene Notch-3, its ligand Jagged-1, and the hypoxia survival gene CA-IX share

a molecular machinery that promotes invasive behavior and survival of normal

mammary gland and breast cancer stem cells. It will be also reported that, in

normal mammary gland and breast cancer cells, the SNAI gene family members

govern the onset of an undifferentiated mesenchymal phenotype that parallels

the gain of a basal-like/stem cell–like phenotype. It will then be explained that

IL-6 and SNAI2 gene expression in breast cancer stem cells can be regarded as the

signature of an inflammatory/hypoxic response pathway that is overexpressed in

the stem cell–like lymphovascular emboli of inflammatory breast carcinomas. It

will be concluded that the targeting of inflammatory/hypoxic pathways is a fea-

sible approach to undertake a breast cancer stem cell–specific therapy that may

also be applied to highly aggressive breast carcinoma subtypes in which stem

cell–like features are peculiarly overt, that is, the basal-like and inflammatory

breast carcinomas.

THE BASAL-LIKE PHENOTYPE IN NORMAL MAMMARY
GLAND STEM CELLS

The presence of stem cells in the normal mammary gland has long been pos-

tulated on the basis of its regenerative ability during puberty and reproductive

cycles, the high cell turnover, and the capability of mammary gland fragments to

reconstitute a functional gland on serial transplant.1 In past years, it was shown

that a single cell with a definite membrane phenotype can reconstitute the entire

mouse mammary gland.2–4 The analysis of X chromosome inactivation supported

the notion that the fundamental units of the human mammary gland, the ter-

minal duct lobular units, have a monoclonal (stem cell) origin.5,6 In line with

the notion that mammary gland stem/progenitor cells are a minor fraction of the

basal cell compartment,7–11 isolated normal mammary gland stem cells have been

found to express a basal-like phenotype.3,4,12–15 Basal-like phenotype includes the

expression of CK5/6 and EGFr and the absence of ERα expression.16–20 In humans,

the in vitro model of nonadherent multicellular spheroids, called MS,allowed to

propagate from the normal mammary gland a cell population containing a large

proportion of cells endowed with a stem/progenitor cell phenotype and showing

upregulation of a basal-like gene expression pattern.21–28 The tight association

between the basal-like and stem cell–like phenotypes gained recent importance,

when a breast cancer subtype, the basal-like carcinoma, was shown to express

a stem cell–like gene expression profile.26,27,29–32 In support of the link between

mammary gland stem cells and the basal-like phenotype, it was also observed

that breast tumors that arose in BRCA-I mutation carrier women and in BRCA-1

defective mice disclosed a basal-like phenotype in almost all cases,33,34 and that

the in vitro knockdown of the BRCA-I gene leads to an increase in the expansion

of MS.25 Overall, it can be proposed that normal stem/progenitor cells of the

mammary gland disclose a basal-like gene expression profile.
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THE BASAL-LIKE PHENOTYPE OF BREAST CANCER STEM CELLS

The stem cell phenotype in breast cancer cells was demonstrated by show-

ing that the bulk of tumor cells contains a minor, phenotypically identifiable

cell population that can establish transplantable xenografts, recapitulating the

heterogeneous features of the original tumor mass.35–37 Such a cell popula-

tion, named cancer stem cells or tumor-initiating cells, can be isolated by the

immunosorting of breast cancer cells that express the hyaluronian receptor CD44

(CD44+), a gene that is overexpressed in basal-like tumors38 and lack the expres-

sion of CD24, an endogenous inhibitor of the chemochine receptor CXCR4.35,39

CD44+ cells isolated from ductal breast carcinoma and from normal mammary

gland were found to express low levels of ERα and high levels of CK540 (Table

4–1). Accordingly, a CD44+ and CK5- and ERα-negative cell subpopulation was

identified in ductal breast carcinoma xenografts and disclosed the capability to

generate CK5-negative/ERα-positive cells and to reestablish xenografts.54 In keep-

ing with these findings, we observed that, irrespective of the tumor phenotype,

MS from ductal breast carcinoma lack ERα expression and overexpress CD44,

CK5, and EGFr26–28 (Table 4–1). These data allow us to conclude that similarly to

their normal counterparts, breast cancer stem cells disclose a basal-like pheno-

type. Moreover, because the multicellular spheroids of luminal breast cancer cells

(e.g., MCF-7) show a basal-like profile and an enhanced tumor-forming capac-

ity26–28,52,53 (P. Sansone 2009, manuscript in preparation) (Table 4–1), and the

amount of cells showing a basal-like phenotype correlates with breast cancer cell

line aggressiveness,55,56 it can be proposed that the highly aggressive behavior of

basal-like tumors may be the consequence of their close relationship to the stem

cell phenotype.

GENES ASSOCIATED WITH THE BASAL-LIKE PHENOTYPE:
UNDERSTANDING THE BREAST CANCER STEM CELL
PHENOTYPE REGULATION IN MAMMOSPHERES

In keeping with the preceding reasoning, it can be observed that some genes

overexpressed in basal-like tumor are upregulated in models of normal mammary

gland and breast cancer stem cells, including normal and tumor MS (Table 4–1).

Among these genes, vimentin, a mesenchymal hallmark, and SNAI gene family

members, which promote the onset of a mesenchymal gene expression profile

and phenotype in epithelial cells, can be enrolled.51,57,58 These data demon-

strate that a tight connection exists among the basal, the stem, and the mes-

enchymal phenotypes in normal and tumor mammary gland stem/progenitor

cells.21,28,39,47,50,51,58–63 Indeed, such an overlapping is represented in MS (Fig-

ure 4–1). In the following two paragraphs, the functional relationship among the

genes belonging to the basal-like phenotype will be highlighted, starting from

recent studies on MS.26–28 In particular, an lL-6–controlled gene network will
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Table 4–1. Expression of basal-like/stem cell–like phenotype in different normal and
breast cancer stem cell models

Basal like Isolated Normal Tumor CD44+ Spheroids
tumors vs. stem cells MS vs. MS vs. vs. vs.
other subtypesa vs. otherb adherentc tumor massd CD44e adherent f

CK5 + + + + + +
EGFr + + + + N/A +
ERα – – – – – –
Notch-3 + + + + + +
Jagged-1 + + + + + +
IL-6 + N/A + + + +
CD44 + + + + + +
CD24 – – – – – –
CA-IX + N/A + + N/A +
SNAI2 + N/A + + + +
Vimentin + + + + + +

a Charafe-Jouffret et al.39; Bertucci et al.41 Reedjik et al.42; Reedjik et al.43; Dickson et al.44; Sansome et al.26,27;
Storci et al.28; Brennan et al.45; Kuroda et al.46; Sarrió et al.47; Nielsen et al.16; Fulford et al.17; Rakha et al.48;
Livasy et al.19; Reis-Filho et al.20

b Shackelton et al.3; Stingl et al.4; Sleeman et al.49; Vaillant et al.13; Asselin Labat et al.14; Regan and Smalley.15

c Sansone et al.26,27; Storci et al.28; Liao et al.50

d Sansone et al.26,27; Storci et al.28; Dontu et al.21,22

e Shipitsin et al.40; Mani et al.51

f Sansone et al.26,27; Storci et al.28; Phillips et al.52; Ponti et al.53; P. Sansone and G. Storci, manuscript in preparation,
2009.

be proposed to be active in the promotion of survival and invasive behavior of

normal mammary gland and breast cancer stem cells. Moreover, a crucial role

of the SNAI2-driven mechanism in the control of stem cell differentiation and

the gain of a basal/stem cell–like invasive phenotype will be pinpointed. It will

then be proposed that both lL-6– and SNAI2-controlled pathways may share in

a hypoxia/inflammatory response pathway that may regulate normal stem cells

and, when deranged, promote the stem cell phenotype in breast cancer cells.

INTERLEUKIN-6: A PREDICTABLE LINK BETWEEN INFLAMMATION
AND STEM CELL REGULATION

Elevated levels of the pro-inflammatory cytokine IL-6 are predictors of poor

prognosis in breast cancer patients.64 IL-6 is expressed in vitro by aggres-

sive mesenchymal/basal-like breast cancer cell lines and tissues and promotes

malignant features in breast cancer cells and xenografts.39,56,61,64–67 MS were

found to express IL-6 and gp130, the common receptor subunit for IL-6 family

cytokines.21,26 We recently found that IL-6 is overexpressed in MS from inva-

sive ductal breast carcinoma.26 We then reported that, in breast cancer cells

and MS, exogenous and autocrine IL-6 upregulates the expression of three genes

associated with the basal-like phenotype, that is, Notch-3, Jagged-1, and CA-

IX.26–28,42–45,68,69 Moreover, we observed that Notch-3 controls Jagged-1 and

CA-IX gene expression via the activation of the extracellular receptor kinase
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Figure 4–1: Schematic of the overlapping among the basal like, the stem cell, and the mesenchy-
mal phenotype and its representation in human ductal breast carcinoma–derived (T–) MS.26–28 A
similar phenotype has been observed in normal MS21–28and murine MS.50 See color plates.

(ERK)26,27 (Figure 4–2). We also found that the Notch-3 gene is a target of Stat-3,

the major intracellular mediator of IL-6 receptor signaling,70,71 and that the

Notch-3–dependent activation of ERK requires the activity of the EGFr recep-

tor and the Ras pathway (Figure 4–2). Independent observation revealed that

both EGFr and Ras activation are potent activators of IL-6 gene expression in

breast cancer cells, thus promoting a potential autocrine loop.67,70 Interestingly,

features of EGFr/Ras/ERK axis activation were observed in basal tumors,72 in the

invasive signature of CD44+ breast cancer stem cells,29 and Ras/ERK activation

was found to elicit a mesenchymal/CD44+ stem cell phenotype in mammary

gland epithelial cells.58 Collectively, the gene network described reveals a func-

tional link among several genes belonging to the basal-like phenotype. Features

of such a functional relationship between gp130/Stat-3 signaling and the EGFr

pathway have been previously reported in primary mammary gland epithelial

cells and neural progenitors.73,74 In this regard, a gp130/Stat-3–dependent upreg-

ulation of Notch gene expression was described in neurospheres75 that, similarly

to MS, grow in an EGF-supplemented serum-free medium and require functional
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Figure 4–2: Schematic of IL-6–controlled activities in MS and breast cancer cells. IL-6 pathway
activation promotes an aggressive/stem cell–like phenotype in breast cancer cells and triggers the
onset of an autocrine IL-6 loop.26,27 EGFr receptor and Ras specific inhibitors block the pathway,
and the transfection of constitutively active (STAT-3C) or dominant negative (STAT3-DN) Stat-3
proteins modulates Notch-3 gene expression (P. Sansone et al., 2008 unpublished manuscript).
See color plates.

Notch and EGFr signaling for survival.22,26,27,76–78 It was indeed proposed that

gp130 and EGFr cross-talk involves an intracellular mediator,73 and we observed

that the intracellular fragment of Notch-3 was enough to induce the overex-

pression of Jagged-1 and CA-IX26,27 (Figure 4–2). The cross-talk between Notch-3

and the EGFr pathway has been described in human cancer cells.79 Furthermore,

independent observation revealed that Notch acts upstream of ERK and Ras acti-

vation in (breast) cancer cell lines, leading us to suppose that Notch amplifies

the activity of the entire EGFr/Ras pathway.79–81 EGFr is of primary importance

for MS survival, MS formation sustained by EGF supplementation to serum-free

media, and the inhibition of both EGFr and Notch activation sufficient to halt

MS formation.22,26,27,77 Moreover, Notch-3 is of crucial importance for the pro-

liferation and differentiation of human mammary gland progenitor cells and for

the survival of breast cancer cells.82,83 The overall picture suggests that IL-6 may

act as an amplifier of the prosurvival activity of the Notch/EGFr/ERK axis.84,85

The IL-6/Notch-3 interplay was found to promote several malignant features

in MS such as survival (via the expression of Jagged-1, a Notch ligand26,27), inva-

sive capability, and hypoxia survival (via the upregulation of CA-IX, a trans-

membrane enzyme that catalyzes the hydration of carbon dioxide and balances

intra/extracellular pH86,87). MS from aggressive ductal breast carcinoma show

high IL-6 expression compared to MS obtained from the same individual’s nor-

mal tissue.26,27 It was therefore proposed that an autocrine IL-6–dependent loop

promotes malignancy in breast cancer (stem) cells. Overall, these data provide a

functional meaning to the basal/stem cell–like phenotype and support its func-

tional association with the aggressive behavior of breast cancer cells and basal-like

tumors.42–45 Indirect confirmation of the inherent association occurring between

the stem cell–like phenotype and the biologically aggressive behavior of breast

cancer cells recently came from a study on the inflammatory breast carcinoma,

an aggressive breast cancer subtype in which plenty of lymphovascular tumor

emboli in the surrounding tumor tissue are present, and which has been postu-

lated to arise from a basal-like breast cancer stem cell.88–90 Indeed, cells capable of
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Figure 4–3: Immunohistochemical analysis of lymphovascular tumor emboli. See color plates.

generating such MS-like structures harbored in the lymphatic vessels, which rep-

resent a highly invasive breast cancer cell population, were found to over-express

IL-6 (Figure 4–3), Notch-3,90 CA-IX,91 and a CD44+ stem cell–like phenotype.90

These data reinforce the notion that IL-6/Notch-3 expression associates with an

invasive stem cell–like phenotype that is peculiarly represented in some breast

cancer subtypes such as the basal-like and the inflammatory carcinoma of the

breast.

SNAI2 GENE EXPRESSION IN BASAL/STEM CELL–LIKE CELLS:
AN UNPREDICTABLE LINK WITH INFLAMMATION

The expression of SNAI gene family members triggers the process of epithelial

to mesenchyme transition and the expression of a mesenchymal phenotype in

epithelial cells.57,92–94 It has been reported that mesenchymal breast tumors dis-

close a basal-like phenotype46 and that the expression of mesenchymal and SNAI

genes is upregulated in basal-like tumor tissues and cell lines.39,47,51,60,63,95 In

vitro, the expression of SNAI family genes leads to the gain of a basal/stem

cell–like phenotype and promotes stem cell features and MS-forming capacity

in mammary gland stem cells.28,50,51,58 These data reinforce the tight connec-

tion between the basal/stem cell–like and mesenchymal phenotypes (Figure 4–1).

We and other authors observed that vimentin and SNAI2 upregulation is present

in MS28,50 and that such an expression is reduced in MS-derived adherent cells.24

Moreover, the transient SNAI2 knockdown was found to reduce ERα expres-

sion (a gene that is directly repressed by SNAI family genes96) and to upregulate

CA-IX expression in breast cancer cells.28 Furthermore, the stable SNAI2 knock-

down also downregulates CD44, CK-5, and Jagged-1 expression (G. Storci, 2009,

manuscript in preparation). These data agree with recent literature showing an

overlap between the acquisition of a basal/stem and a mesenchymal phenotype

in breast cancer cells.51,58 The SNAI2 gene is a gene repressor, and it may there-

fore be proposed that the upregulation of the basal/stem cell–like phenotype may

involve an indirect mechanism. Recent data indicate that the downregulation of

E-Cadherin that allows β-catenin delocalization from the plasma membrane24,97

and its nuclear activity represents a good candidate to promote a mesenchymal

phenotype and aggressiveness in breast cancer cells.98–101 Indeed, CK5, CD44,

Jagged-1, and CA-IX are targets of β-catenin, and SNAI2 expression102–104 (G.



56 Massimiliano Bonafe

Figure 4–4: Schematic of the relationship between the hypoxia/inflammation-dependent upreg-
ulation of SNAI gene family members and the basal/stem cell–like phenotype: the repression of
E-Cadherin unleashes β-catenin for promoter activation. Notably, components of the IL-6–driven
pathway described in Figure 2 have been reported to induce Epithelial-mesenchyme transition
(EMT) in various models.58,63,105,106 See color plates.

Storci, 2009, manuscript in preparation) (Figure 4–4). Notably, β-catenin trans-

genic mice show a high prevalence of basal-like tumors, and human basal-like

tumors show a peculiar cytoplamic localization of β-catenin, particularly in the

mesenchymal cell component.47,107 Moreover, it has been demonstrated that

β-catenin, a widely acknowledged stem cell regulatory pathway, promotes mam-

mary gland tumorigenesis by targeting stem/progenitor cells.108,109 As observed

for the IL-6-controlled network, SNAI2 expression promotes the invasive capa-

bility of MS, even those obtained from the normal mammary tissue, suggesting

that SNAI expression may modulate the matrix-invasive capacity of mammary

gland stem cells in physiologic conditions. In keeping with the hypothesis that

the stem cell phenotype is inherently associated with aggressive features,55,110,111

the expression of SNAI genes has been associated with breast cancer cells’ inva-

sive potential,28,112,113 and the overexpression of SNAI2 was observed in lym-

phovascular tumor emboli (Figure 4–3). Similarly to what occurs to IL-6, we

observed that SNAI2 upregulation in breast cancer cells is elicited by hypoxia

exposure.26,28 In breast cancer cells, IL-6 and SNAI2 were found also to be upreg-

ulated on exposure to pro-inflammatory molecules (such as tumor necrosis fac-

tor alpha) throughout a nuclear factor-kappaB (NF-κB)-dependent mechanism (G.

Storci, 2009, manuscript in preparation).114 Accordingly, the exposure to hypoxia

and inflammatory stimuli elicits an epithelial to mesenchymal phenotype tran-

sition.28,63,106,114–119 These data reinforce the notion that hypoxic/inflammatory

pathways may concur in the promotion of a basal/stem cell–like phenotype in

breast cancer cells (Figure 4–4).

THE INFLAMMATORY/HYPOXIC PROFILE IN MAMMARY
GLAND STEM CELL REGULATION

NF-κB–regulated genes play a fundamental role in mammary gland morpho-

genesis, thus pointing out a primary role in stem cell regulation.120,121 It was

recently observed that the inhibition of NF-κB activity halts MS formation from
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mouse and human mammary gland122 (G. Storci, 2009, manuscript in prepara-

tion). Similarly to what occurs to hemopoietic stem cells,123 an overrepresenta-

tion of NF-κB–regulated genes in CD44+ breast cancer stem cells was found.29

Of note, the overexpression of the NF-κB activator Aurora kinase A and of

NF-κB–regulated genes was found in basal-like and inflammatory tumors.124–126

Moreover, an overexpression of nuclear NF-κB was observed in lymphovascu-

lar tumor emboli (Figure 4–3). The upregulation of NF-κB–regulated targets in

CD44+ breast cancer stem cells may be functionally linked with the overexpres-

sion of hypoxia-induced factor 1-alpha (HIF-1α) in such cells, in the absence of

a hypoxic environment.40 Indeed, a wealth of data indicates that NF-κB triggers

the expression of the HIF-1α gene and that SNAI2 gene expression is under the

control of both NF-κB and HIF-1α activation.122,127–132 Interestingly, HIF-1α gene

expression becomes upregulated also by Stat-3 activation.133 Moreover, HIF-1α

is upregulated in basal-like tumors, and HIF1-α and NF-κB are overexpressed in

inflammatory breast cancer.126,134,135 These data reinforce the hypothesis that an

inflammatory/hypoxic response machinery is upregulated in breast cancer stem

cells and in breast cancer subtypes that disclose overt stem cell–like features.

The upregulation of IL-6 and SNAI2 gene expression on hypoxia exposure

in breast cancer cells and MS may be regarded as a feature of the normal

regulation of stem cells. Indeed, literature data indicate that stem/progenitor

cells of different origins are better expanded in vitro under hypoxic condi-

tions and that hypoxia exposure upregulated stem cell features in differenti-

ated cells.27,136–140 Moreover, it has been proposed that the niches in which

stem cells are harbored are localized in hypoxic tissue regions.27,136,141 Notably,

in the presence of hypoxia, Notch and β-catenin proteins physically inter-

act with HIF-1α.104,142 Hence the overactivation of hypoxia response path-

ways in stem cells may be under the control of inflammatory cues, leading

us to propose that not only a hypoxic,27,136,142,143 but also a pro-inflammatory

environment may promote stem cell survival in the stem cell niche. This hypoth-

esis may be considered together with the one suggesting that the mammary

gland takes part in an ancient evolutionarily conserved inflammatory response

machinery that has lately evolved into a feed-producing device.144 Epidemio-

logical and experimental data point out that inflammation and NF-κB path-

way upregulation play a key role in mammary gland tumorigenesis.145,146 The

available data also indicate that pro-inflammatory factors, released from distant

sites, as well as local inflammatory cells promote mammary gland tumorige-

nesis and aggressiveness.147–149 Moreover, some models of chemically induced

mammary tumors were recently revealed to be the consequence of a local inflam-

matory response.150 These data indicate that the pro-inflammatory environment

is of pivotal importance in mammary gland tumorigenesis. A peculiar situation

may occur during aging, a major risk factor for breast cancer as well as a widely

acknowledged pro-inflammatory condition.151–155 Indeed, experimental models

revealed that senescent stromal cells express increased levels of inflammatory

molecules, such as IL-6, and promote tumor xenograft growth, a phenomenon

that can be hampered by anti-IL6-specific antibody administration.71,156,157 In

this regard, we found that the expression of IL-6 and NF-κB is increased in aged
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Figure 4–5: Immunohistochemical analysis of normal mammary gland stromal cells (arrowhead,
macrophages; arrows, fibroblasts). See color plates.

mammary gland stromal cells (G. Storci, 2009, manuscript in preparation) (Figure

4–5). In keeping with this reasoning, it was proposed that mammary gland

senile involution, a major risk factor for breast cancer, is molecularly analo-

gous to an inflammatory process.158 The overall emerging picture suggests that

the upregulation of hypoxic/inflammatory pathways may confer survival on

cancer stem cells and that an aged environment may facilitate the phenomenon

(Figure 4–6).

CHEMORESISTANCE: A CONSEQUENCE OF THE UPREGULATION OF A
HYPOXIC/INFLAMMATORY RESPONSE PATHWAY IN STEM CELLS

It may be reasoned that hypoxia is the most suitable place to store normal (mam-

mary gland) stem cells because such an environment would keep normal stem

cells away from oxidative damage, thus preserving DNA integrity throughout

rounds of replications. Incidentally, the upregulation of the hypoxia response

is likely to render normal stem cells resistant to cell death stimuli. Indeed,

the presence of hypoxia invariably associates with radio- and chemoresistance

in tumors and cancer cells.143,160 Hence it is not unexpected that breast can-

cer stem cells that overexpress such genes are more chemoresistant than other

tumor cells.Literature data indicate that a variety of genes expressed in stem

cells are linked to enhanced resistance to cell death: IL-6,161 SNAI2,162 CD44,163

Notch-3,83 and NF-κB,164 among others. Indeed, the stem cell–like phenotype

is linked with resistance to cytotoxic agents and radiation.52,56,163,165–169 Fur-

thermore, the presence of CD44-positive and MS-generating cells in breast can-

cer tissues increases after chemotherapy.169 It may therefore be proposed that

hypoxia survival pathway activation increases chemoresistance in breast cancer

cells. An acknowledged example of such a phenomenon is the expression of breast

cancer resistance protein, an IL-6–regulated protein that extrudes mitochondrial

protoporphirines (thus promoting hypoxia survival), chemotherapeutic drugs

(chemoresistance), and the vital dye Hoechst 32352.161,170,171 The exclusion of

the dye leads to the side population phenotype that, in various tissues, including
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Figure 4–6: (a) Schematic of the basal/stem cell–like phenotype in various breast cancer subtypes.
Disseminated breast cancer cells have been proposed to disclose a stem cell-like phenotype.159

(b) The contribution of an aged/pro-inflammatory stromal cell environment (termed inflamm-
aging153). A number of drugs, alone or in combination, may target cancer stem cells, and
some of them may also be candidates for acting on the pro-tumorigenic environment.71 See
color plates.

the mammary gland and breast cancer cell lines, is enriched in cells showing

a basal/stem cell–like phenotype, MS formation capability, and tumor-forming

capacity.21,165,172 The link between hypoxia survival and stem cell regulation

also involves β-catenin, whose expression associates with radioresistance and

increases in breast cancer stem cells exposed to cytotoxic drugs.100,166 Hence

there are hints suggesting that an inherent association between the stem cell

phenotype and resistance to cancer therapy agents may be explained by the acti-

vation of pathways that are involved in stem cell maintenance. Of note, it has

been proposed that NF-κB–targeting drugs are able to kill stem cells at a higher

rate than their progeny.123,173,174 Moreover, cancer stem cells have been found

to be more sensitive than normal cells toward NF-κB inactivation.123,175 Such
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data are in agreement with the proposed upregulation of inflammatory pathways

in cancer stem cells, leading to speculation that the acknowledged anticancer

properties of some anti-inflammatory drugs may be related to their preferential

targeting of cancer stem cells. It may be proposed that molecules that can tar-

get specific components of such an hypoxic/inflammatory pathway may (alone

or in combination) target stem cells and also pro-inflammatory/aged stromal

cells85,175,176 (Figure 4–6b). Moreover, this approach may be successfully applied

to breast cancer subtypes in which the stem cell phenotype is particularly overt

such as the basal-like and the inflammatory breast carcinoma126,177 (Figure 4–6).
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Treatment of cancer should be directed to cancer stem cells as well as to the stage

of maturation arrest at which the cancer cells accumulate. Cancers contain the

same cell populations as do normal adult tissues: stem cells, proliferating transit-

amplifying cells, terminally differentiated (mature cells), and dead cells. During

68
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normal tissue renewal, the number of proliferating transit-amplifying cells is

essentially the same as the number of terminally differentiating cells so that the

total number of cells remains relatively constant. On the other hand, in cancer

tissue, the transit-amplifying cells are arrested at a stage of maturation in which

they continue to proliferate and accumulate so that the mass of cancerous tissue

continues to increase. The ability of retinoic acids to induce differentiation of ter-

atocarcinoma stem cells provided a proof of principle that cancer stem cells could

be induced to differentiate (differentiation therapy). Differentiation therapy has

been applied with great success to cancer of the blood cells (leukemias) by inacti-

vation of the signaling pathways that allow the leukemic transit-amplifying cells

to continue to proliferate and not die (maturation arrest). Conventional ther-

apies, such as chemotherapy, radiotherapy, and antiangiogenic therapies, also

act on the proliferating cancer transit-amplifying cells. When these therapies

are discontinued, the cancer will reform from the therapy-resistant cancer stem

cells. Cancer stem cell–directed therapy may be possible using small inhibitory

molecules or inhibitory RNAs (iRNA) to block the signals that maintain stemness

so that the cancer stem cells are allowed to differentiate. Successful differen-

tiation therapy of cancer stem cells would force these cells to differentiate so

that they could no longer reestablish the cancer. In conclusion, to be curative,

cancer therapy has to act not only on the cancer transit-amplifying cells respon-

sible for the growth of the cancer, but also on the cancer stem cells that can

reconstitute the cancer after successful therapy of the cancer transit-amplifying

cells.

CELL LINEAGES AND CANCER

Figure 5–1 shows a simplified diagram of a cell lineage. This could be the lineage

of either normal tissue or of cancer. The tissue or cancer stem cell is the cell from

which the other cells in the lineage are derived. Stem cells are retained in the

tissue because when a stem cell divides, it gives rise to one daughter cell that

remains a stem cell and one daughter cell that begins the process of determina-

tion. This is known as asymmetric division. The cells in normal tissue are contin-

ually replaced by the proliferating daughter cells (normal tissue renewal). During

normal tissue renewal, the daughter cell that differentiates after division of the

stem cell retains the capacity to divide for several divisions before the progeny of

this daughter cell can no longer divide (terminal differentiation). These proliferat-

ing cells are known as transit-amplifying cells. Transit-amplifying cells maintain

the population of cells in both normal and cancer tissue. The difference between

normal tissue renewal and cancer growth is a balance between production of

new cells and differentiating cells in normal tissue so that the normal tissue mass

remains essentially constant, whereas in cancer tissue, there is a block in the

maturation of the differentiation of cancer transit-amplifying cells. This results

in the cells not differentiating as do normal tissues, but rather, they become

arrested at a stage of development in which they continue to proliferate so that
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Figure 5–1: Cell lineage of cancer and normal tissue. Postulated stages of maturation arrest of
a cell lineage and resultant cancer types. Depicted is a cell lineage from a totipotent stem cell
to a terminally differentiated cell. In adult tissues, the most primitive stem cells normally do not
divide. Normal tissue renewal is accomplished by proliferation of the transit-amplifying (TA) cells.
TA cells in normal tissues have a finite lifetime so that the progeny of the TA become terminally
differentiated cells and die by apoptosis. Cancers arise by blocks in the normal maturation process
(maturation arrest). When this occurs, the TA cells continue to proliferate at the stage of maturation
arrest. If this stage is early in the differentiation process, poorly differentiated cancers will be
produced; if later, well-differentiated cancer or benign tumors are produced. Modified from Sell.6

the mass of the cancer tissue increases (maturation arrest). One of the ways to

treat cancer is to force the malignant cancer-proliferating cells to differentiate

into benign terminally differentiated cells.

Malignant cells can become benign

Malignant cells can differentiate into mature terminally differentiated cells. This

was demonstrated by the classic pulse-labeling studies of Pierce and Wallace in

1971.1 They showed that, during growth of a squamous cell carcinoma, the pro-

liferating cancer cells became terminally differentiated keratin-containing cells.

They pulse-labeled the newly synthesized DNA of proliferating squamous carci-

noma cells with tritiated thymidine. Immediately after labeling, only the dividing

cancer cells were labeled. Several days later, the terminally differentiated cells of

the cancer, and even the keratin produced by the cancer, contained the label. If

malignant cells can become benign, it should be possible to treat not only the

cancer transit-amplifying cells, but also the cancer stem cells by forcing them to

differentiate.

Differentiation therapy

The basic concept of differentiation therapy is that specific identifiable cell sig-

naling pathways maintain stemness in cancer stem cells.2–6 If the stemness sig-

naling pathways that regulate cancer stem cells can be modified, then the cancer

stem cells should divide by symmetric division to produce two daughter cells that
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progress to cancer transit-amplifying cells. As cancer transit-amplifying cells, both

daughter cells would be susceptible to other forms of therapy, including differ-

entiation therapy. The efficacy of differentiation therapy of cancer stem cells was

first demonstrated for teratocarcinomas.

TERATOCARCINOMAS

Teratocarcinoma is a malignant cancer that arises from the germinal stem cells,

usually in the testes or the ovaries of a young adult.7 This cancer usually grows

rapidly but responds well to therapy, as exemplified by the case of Lance Arm-

strong. Studies beginning in the 1950s on teratocarcinoma proved not only that

these cancers arise from stem cells, but also, more generally, that teratocarcinoma

growth is maintained by stem cells, and that therapy can be directed against these

cancer stem cells.8 Usually, fewer than 5% of the cells that make up a teratocarci-

noma can be considered cancer stem cells. The malignant teratocarcinoma cells

form structures resembling a presomite embryo, the so-called embryoid bod-

ies (les boutons embryonnaires),9 and have characteristics of an embryonic cell

(embryonal carcinoma).10–12 Although the proliferating cells of the embryoid

body are undifferentiated, many of the daughter cells of these cells differentiate

into mature benign cells13 so that most of the mass of the tumor consists of dif-

ferentiated cells. The embryonal carcinoma stem cells may undergo asymmetric

division, giving rise to daughter cells that differentiate to form any of more than

two dozen well-differentiated adult tissues, including brain, muscle, bone, teeth,

bone marrow, eyes, secretory glands, skin, and intestine as well as placenta and

yolk sac.12,14 The ability of retinoids to induce differentiation of teratocarcinoma

stem cells proves the principle that it is possible to treat cancer stem cells by

differentiation therapy.4

Retinoic acid and differentiation therapy of teratocarcinomas

Retinoic acid (RA, vitamin A), in particular, all-trans-retinoic acid (ATRA),15 or

RA in combination with dibutyryl-cAMP, induces differentiation of undifferen-

tiated, immortalized embryonal carcinoma cells into a differentiated epithelial

cell type, resembling extraembryonic endoderm.16,17 RA acts through specific

RA nuclear receptors (RARs) to activate c-Fos/c-Jun–mediated transcription18,19

of genes coding for differentiation products.20–22 This results in differentiation

and decreased proliferation of embryonal carcinoma cells.23–25 Unfortunately,

RA treatment of humans with teratocarcinoma does produce consistent or pro-

longed clinical improvement.26 Teratocarcinomas are treated by surgery, followed

up by irradiation and/or cisplatin-based cytotoxic chemotherapy,27 if the surgi-

cal removal is incomplete. Fortunately, because teratocarcinomas usually con-

tain yolk sac elements (which produce alpha-fetoprotein) and placental elements

(which produce chorionic gonadotropin), these markers can be used to follow the

course of treatment very accurately.28,29 Differentiation therapy has been most

successfully applied to human leukemia by reversing the blocks in maturation
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Figure 5–2: Gene translocations, levels of maturation arrest, and differentiation therapy of
selected human leukemias. Specific gene translocations lead to expression of signaling molecules
that constitutively activate cells at various stages of differentiation in the myeloid lineage: chronic
myeloid leukemia (CML; T9:22, Philadelphia chromosome; bcr-abl); acute promyeloid leukemia
(APL; T15:17, promyelocytic protein/retinoic acid receptor [PML/RARα] fusion product; see Fig-
ure 5–3); acute myeloid leukemia (AML; multiple possibilities using including both an activation
signal, such as activation of the interleukin 3 [IL-3] receptor, and a block in apoptosis; see Figure
5–4). CML is effectively treated by Gleevec, which specifically blocks the bcr-abl tyrosine kinase.
APL is treated by retinoic acid, which reacts with the retinoic acid in the fusion product and
allows the affected cells to differentiate. Treatment of AML by differentiation therapy is still in the
experimental stage. Modified from Sell.6

responsible for constitutive activation of the leukemia transit-amplifying

cells.6

LEUKEMIA

Leukemia is a malignant cancer of the blood and lymphoid system. Because of a

block in maturation of the leukemia transit-amplifying cells, there is a massive

increase in immature white blood cells in the circulation, which changes the

color of the blood from red to creamy white; leukemia means “white blood”

(leukos, “white”; haima, “blood”). Patients with leukemia usually die because the

leukemia cells replace normal immune cells, and inflammatory cells are unable

to fight off infections.

Untreated myeloid leukemia is clinically classified on the basis of how rapidly

the disease progresses into acute, subacute, or chronic, although there are many

variations. Figure 5–2 shows the stages of maturation arrest of chronic myeloid

leukemia (CML), acute promyeloid leukemia (APL),and acute myeloid leukemia

(AML). CML is arrested at the myelocyte level, APL at the promyelocyte level,

and AML at the myeloid progenitor cell level. At each of these stages of mat-

uration, there is proliferation of the leukemia transit-amplifying cells because
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of gene rearrangements that result in constitutive activation of specific signaling

pathways.6 Only four of the many translocations identified in myeloid leukemia30

will be discussed to illustrate the principle of differentiation therapy: (1) the

t9:22 bcr/abl translocation (Philadelphia chromosome) in CML, which results

in constitutive activation of tyrosine phosphorylase31; (2) the t15:17 PML/RARα

translocation in APL; and (3) two of many possible translocations in AML: t12:13

(FLT3; IL-3R), which activates kinases, and 13q12 ITD FLT3, which blocks apop-

tosis. The stage of maturation arrest for each of these leukemias is determined by

the level at which the transgene product acts (Figure 5–2).

Differentiation therapy of leukemia

Specific differentiation therapy can be directed toward the products of the genetic

lesions responsible for the maturation arrest of the leukemic transit-amplifying

cells.6,32

Chronic myeloid leukemia

The active tyrosine kinase responsible for constitutive activation of myelocytes

in Chronic myeloid leukemia (CML) can be effectively blocked by imatinib

(Gleevec, manufactured by Novartis; formerly called ST1571)33,34 and related

compounds.35 Once the constitutive signaling pathway is inhibited, the leukemic

transit-amplifying cells differentiate and die by apoptosis.

For almost 50 years, it has been known that most CMLs are associated with

a distinct chromosomal abnormality, the Philadelphia chromosome.36,37 The

Philadelphia chromosome is formed by a gene rearrangement that places the

breakpoint cluster regions (BCR) of one chromosome next to the Abelson onco-

gene (abl) in another chromosome, resulting in production of a fusion protein

(BCR-ABL). The BCR-ABL fusion product is a tyrosine kinase.38 Increased expres-

sion of this tyrosine kinase results in maturation arrest of myeloid cells at the

myelocyte stage of differentiation,37,39 due to activation of downstream signal-

ing molecules such as phosphoinositide 3-kinase.40 Delineation of the structure

of the fusion tyrosine kinase responsible for CML led to the development of a spe-

cific small molecule inhibitor, imatinib mesylate (Gleevec, or STI571).41,42 This

inhibitor binds to the active site of fusion protein and prevents binding of ATP

and ADP. This prevents the kinase-mediated phosphorylation of the substrate

and effectively inactivates the activation pathway. When this signaling pathway

is inhibited, the CML cells complete differentiation and die in a few days, like

normal mature granulocytes.

Imatinib treatment of patients with CML produces an 80% complete cytoge-

netic response (CCR) in newly diagnosed patients and a 40% CCR in patients

who have relapsed after failure of other therapies.43 However, residual disease

can still be detected by reverse transcriptase–polymerase chain reaction in the

bone marrow of patients with CCR. To prevent redevelopment of CML, imatinib

treatment must be maintained, or the leukemic stem cells will proliferate and
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PLRIPOTENT BONE MARROW STEM CELL

HEMATOPOIETIC STEM CELL

MYELOID STEM CELL (HEMOCYTOBLAST)
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POLYMORPHONUCLEAR
LEUKOCYTES (PMNs)

Acute Promyeloid Leukemia; T15:17 translocation → PML/RARα fusion product

PML = promyelocytic leukemia protein; PML is essential for granule formation and for
differentiation of cells in the myeloid lineage from promyelocyte to myelocyte

PML/RARα fusion produces maturation arrest at the promyelocyte level and constitutive
proliferation of promyelocytes

RETINOIC ACID reacts with PRL/RARα leading to
1. Up-regulation of ubiquitin-activating enzyme E1like protein
2. Degradation of the PML/RARα fusion protein
3. Activation of RARα mediated transcription
4. Reformation of granules
5. Differentiation of APL cells to PMNs and apoptosis

Figure 5–3: Retinoic acid (RA) treatment of APL. RA reacts with the PML-RARα fusion protein and
upregulates ubiquitin-activating enzyme E1 like protein, and this causes degradation of the fusion
protein. The PML/RARα fusion protein of APL blocks the effect of promyelocytic leukemia protein
(PML), which normally is responsible for formation of the nuclear body essential for granule forma-
tion and for differentiation of promyelocytes to myelocytes. When PML is inactivated, maturation
arrest occurs at the level of the promyelocyte, with accumulation of the cells of APL. Treatment
with RA also activates RARα-mediated transcription, which allows reformation of granules, and
differentiation of APL cells to terminally differentiated polymorphonuclear leukocytes.

the leukemia will recur.44 Thus imatinib acts at the myelocitic stage and does

not eliminate the leukemic stem cells. Most patients who show a CCR and who

are maintained on imatinib remain stable, but some develop mutations in the

kinase domain of the bcr-abl gene, resulting in a modified fusion product that is no

longer inhibited by imatinib. Thus, to cure CML, a way must be found to combine

imatinib differentiation therapy with genetic therapy, to block stem cells from

reentering the cell cycle and producing a new population of proliferating cells.

Acute promyeloid leukemia

Treatment with RA induces differentiation of acute promyeloid leukemia (APL)

cells. RA reacts with the fusion gene product and causes its degradation45,46

(Figure 5–3). APL is due to a maturation block of myeloid transit-amplifying

precursor cells of the myelocytic lineage that express markers of the M3 type

(promyelocytes). The maturation arrest is due to formation of a fusion protein

between the promyelocytic leukemia protein (PML) and a nuclear receptor for

retinoic acid (PML/RARα), the product of a t(15:17) gene rearrangement.47–49

Normally, PML is found in a discrete, circumscribed nuclear structure called a
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Figure 5–4: Some possible genes activated or lost in AML. AML is usually associated with two
genetic changes: one leading to activation of proliferation and the other to loss of apoptosis. One
genetic change may result in a chronic myeloproliferative disease. However, where a proliferative
lesion (Class I) is combined with a loss of apoptosis lesion (Class II), the chronic disease progresses
to AML. The multiple possibilities of gene translocation and gain and loss of function mutations
complicate the ability to develop blocking and activating agents for the high number of possible
genetic lesions. Figure based on the work of Sell.5

nuclear body.47,48 In the absence of RA, the fusion product PML/RARα functions

as a constitutive transcriptional repressor, disrupting formation of nuclear bod-

ies and blocking promyelocytic differentiation.50,51 ATRA reacts with the RARα

in the fusion protein, upregulates ubiquitin-activating enzyme-E1 like protein

(UBE1L), and triggers degradation of the PML/RARα fusion protein.52,53 This

reactivates RARα-mediated transcription, allows reformation of the PML nuclear

body, and stimulates differentiation and apoptosis of APL cells.50,53 Treatment

with ATRLA produces complete remission in about 90% of patients with newly

diagnosed APL and a complete cure in over 70% (usually when combined with

chemotherapy).54–58 This provides a clear example of the efficacy of combined

cytotoxic and differentiation therapies.

Acute myeloid leukemia

Attempts have been made to block the signaling pathways of acutemyeloid

leukemia (AML) using small molecules. The lesions of AML are much more

complex than for CML or APL. AML progresses rapidly because there is usually

more than one molecular lesion (Figure 5–4). The lesions fall into two functional

classes: Class I, proliferative, and Class II, apoptosis inhibitory.59 Class I lesions

by themselves cause a chronic myeloproliferative disorder, and Class II lesions,

myelodysplasia. Progression to acute disease occurs when there is a second muta-

tion so that both a Class I lesion and a Class II lesion are present. The combination

of a proliferative lesion with a lesion that leads to loss of apoptosis results in cells
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that rapidly proliferate and do not die.59 Because there are at least two lesions in

AML, specific differentiation therapy requires that both lesions be treated. Thus,

so far, therapy using small molecules to inhibit the signaling pathways of AML

has met with limited success since agents for only one of the two signals are

available in most cases.

A common mutation in adult AML occurs in one of the RAS family proteins, the

21-kDa guanine-nucleotide binding protein. RAS proteins require several post-

translational steps for activation, including addition of a farnesyl lipid moiety

essential for translocation of the RAS protein to the plasma membrane and for

activation of the signal transduction pathway. Agents that inhibit farnesyl trans-

ferase block this step, prevent activation, and allow the cells to differentiate.60

Inhibitors of farnesyl transferase have been reported to induce remission in 20%

of older patients with poor prognoses,61 but they have shown only limited effects

in phase 2 clinical trials.62

Inhibitors of FMS-like receptor tyrosine kinase 3 (FLT3) are being tested in

pediatric AML patients in combination with chemotherapy. FLT3 acts through

the Src family of tyrosine kinases.59,63 FLT3 also interacts with a nuclear fusion

protein formed as a result of other gene translocations such as 11q23, the mixed-

lineage leukemia gene.64 The formation of heterodimers between these proteins

transforms hematopoietic precursors in vitro and may be a critical signal for mat-

uration arrest in AML types M4 and M5. Approximately 30% of AML patients have

an activating mutation of FLT3.65 Small-molecule inhibitors of FLT3 selectively

kill transformed cells that have activating mutations of FLT3. In clinical trials,

several FLT3 inhibitors have induced biological responses, manifested as large

reductions in numbers of peripheral blood leukemic cells, but complete remis-

sions are very rare and the biological effects are of limited duration.65 The effect of

these inhibitors in AML is not as great as the effect of Gleevec in CML. Since devel-

opment of CML may depend solely on activation of bcr-abl, and since AML usually

involves both an activation of proliferation and inhibition of apotosis,59,66 the

combination of FLT3 inhibitors with other drugs should be more effective than

the use of FLT3 inhibitors alone. Combinations of FLT3 inhibitors with other

modalities (azacitidine, chemotherapy, bone marrow transplantation) or with

small-molecule inhibitors of other leukemia genes are an active field of investiga-

tion. Radiation treatment or chemotherapy could first be used to kill proliferating

cells, followed by targeted therapy to prevent proliferation of cancer stem cells

and reformation of the leukemia, after conventional therapy is discontinued.

Regrowth of leukemias

The leukemia transit-amplifying cells are the target for these examples of dif-

ferentiation therapy. However, the molecular lesions are present in all the cells

of the myeloid lineage, including the myeloid stem cells. Differentiation ther-

apy removes the block at the transit-amplifying cell level, but when therapy

is discontinued, the leukemia will reform from leukemia stem cells. The tumor

stem cells are not affected by the therapy so that when differentiation therapy is
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discontinued, the leukemia transit-amplifying cells arising from the tumor stem

cell will no longer be inhibited and will reform the leukemia.6,32

RADIATION AND DRUG RESISTANCE OF STEM CELLS

Resting stem cells of both normal and cancerous tissues are generally much more

resistant to radiation treatment and chemotherapy than are the proliferating

transit-amplifying cells.67 To be curative, local irradiation of cancer must com-

pletely eliminate not only the transit-amplifying cells, but also all the cancer stem

cells. On the basis of the clinical observation of “accelerated repopulation,” radia-

tion therapists have concluded that cancers contain stem cells that are resistant to

radiation therapy.68 Accelerated repopulation refers to the more rapid regrowth

of the cancer during treatment gaps. The probable culprits are stem cells that

are in G0 (resting phase) at the time when therapy is administered. Accelerated

repopulation is most likely explained by activation of the cancer stem cells to

produce more stem cells that exhibit symmetric division during treatment gaps

so that regrowth of the cancer during intervals between treatments occurs more

rapidly. The key to more effective therapy may be to find a way to convert both

daughter cells of the cancer stem cell to a non-stem-cell phenotype.

Normal and cancer stem cells are also both resistant to chemotherapy.3 Stem

cells express high levels of antiapoptotic proteins69,70 and multidrug transporter

molecules.71,72 Stem cells are not only able to pump out cytotoxic drugs, but

also eliminate the fluorescent dye Hoechst 33342.72,73 This characteristic allows

us to sort out putative stem cells, the so-called side population (SP) cells, which

do not take up the dye, by flow cytometry. In breast cancer stem cells, the ATP

binding cassette (ABC) transporter ABCG2, also known as breast cancer resistance

protein (BCRP1), can also contribute to dye exclusion typical of the SP cells. These

properties of cancer stem cells explain why it has been difficult to develop an

effective cancer therapy based primarily on attack directed at proliferating cells.

Although antimetabolic drugs or radiation may be effective against these tumor

transit-amplifying cells, they clearly cannot be expected to affect the cancer stem

cell. Thus it is necessary to design a cancer therapy that will not only be effective

against the proliferating cancer cells, but will also block the nonproliferating

cancer stem cells. The principle of regrowth of treated cancers from resistant

stem cells is illustrated by treatment of leukemia.

Leukemic stem cells and response to therapy

Cure of leukemia requires elimination of the most primitive leukemic stem cells,

which carry the leukemic translocation or mutation, as well as the proliferating

leukemic transit-amplifying cells.74 The resistance of cancer stem cells to chemo-

and radiation therapy is clearly illustrated by the response of AML to cyclic

chemotherapy. When AML is first detected, the tumor load is in the range of

1012 cells. In general, chemo- or radiation therapy will be effective in eliminating
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99.9% of the AML cells.32 This kill percentage is consistent either with the idea

that less than 1 in 1,000 of the AML cells is a stem cell that is resistant to the

therapy or with the idea that treatment is ineffective against a leukemic cell that

is not dividing when the therapy is administered. Since chemo- and radiation

therapies are directed against proliferating cells (the growth fraction or transit-

amplifying cells) of the AML, the stem or resting tumor cell is not affected by

the therapy. The frequency of the therapy-resistant cell appears to be somewhat

higher than the frequency of tumor-initiating stem cells that was determined

via transplantation,75,76 suggesting that some of the chemoresistant cells are not

true leukemic stem cells.77 In any case, when the therapy is discontinued to

allow the normal hematopoietic cells to recover, the AML stem cells will also

begin to regrow and will produce more leukemic transit-amplifying cells. Then,

a second cycle of therapy will be given that will once again eliminate 99.9% of

the leukemic cells. Since the putative AML stem cells will again be resistant, the

tumor will again regrow. After four cycles of therapy, some leukemias will be

cured, suggesting that, in some leukemias, the most primitive bone marrow stem

cell is not mutated.32 On the other hand, the genetic change in many AMLs is

present in the most primitive stem cells, which are resistant to chemotherapy.

At this point, the curative therapy modality must be changed to ablation by

irradiation or chemotherapy and restoration of myelopoiesis by bone marrow

transplantation.

Cancer stem cells or quiescent (dormant) cancer cells

The time-honored concept that cancers contain stem cells responsible for the

capacity to transplant the tumor (tumor initiation) and for resistance to therapy

and regrowth of cancers after what appears to be successful therapy has recently

been rediscovered.3,78,79 However, it is not clear if cancers actually contain stem

cells in the same manner as normal tissues or if some cells of a cancer are dormant

at the time of therapy and are not susceptible to treatments that are directed to

the cancer transit-amplifying cells. For example, these alternative explanations

were addressed by Trott80 and by Denekamp81 in 1994. Trott80 concluded that a

proportion of cells ranging from 0.1% to 100% of all cells from transplantable

mouse tumors met the criteria of a tumor stem cell, that is, “regrowth of the

tumour preceded by clonal expansion from a single cell with unlimited prolifera-

tive potential.” He concluded that tumors contain stem cells similar to the lineage

of cells taking part in normal tissue renewal; in other words, cancers contain the

same populations of cells as normal tissue. This interpretation was the same as

that derived earlier from the study of the cells of teratocarcinoma.82 On the other

hand, Denekamp,81 considering the same evidence, deduced that the putative

cancer stem cells are merely the least differentiated cells in the cancer population

and only appear functionally and kinetically different from the mass of tumor

cells. She concluded that the cancer stem cell is not as clearly definable as the

normal-tissue stem cell and that cells in a cancer that are resistant to therapy may

be cancer cells that are quiescent when the therapy is administered.



Figure 2–1: Prostatic glands are ductal structures composed of phenotypically and functionally
distinct cells.

Figure 2–3: A tumorigenic hierarchy provides evidence of prostatic cancer stem cells (CSCs) in
xenograft tumors.



Figure 3–2: Melanoma stem cell hypothesis. Recent data indicate that there is a subpopulation of
cells within melanoma that are characterized by stem cell features such as indefinite self-renewal
and differentiation capacity.

Figure 4–1: Schematic of the overlapping among the basal like, the stem cell, and the mesenchy-
mal phenotype and its representation in human ductal breast carcinoma–derived (T-) MS.



Figure 4–2: Schematic of IL-6–controlled activities in MS and breast cancer cells.

Figure 4–3: Immunohistochemical analysis of lymphovascular tumor emboli.

Figure 4–4: Schematic of the relationship between the hypoxia/inflammation-dependent upreg-
ulation of SNAI gene family members and the basal/stem cell–like phenotype.



Figure 4–5: Immunohistochemical analysis of normal mammary gland stromal cells (arrowhead,
macrophages; arrows, fibroblasts).

Figure 4–6: (a) Schematic of the basal/stem cell–like phenotype in various breast cancer subtypes.
(b) Contribution of an aged/pro-inflammatory stromal cell environment.



Figure 6–1: Leukemia stem cells (LSCs) are thought to arise from a normal hematopoietic stem
cell or progenitor cell that undergoes a malignant transformation event.



RAM ANK
PEST

EGF-like repeats LNR

HD

Extracellular
Intracellular

Plasma Membrane

Ligand binding

Negative regulation
Dimerization

Signaling Degradation

TAD

EGF-like repeats

EGF-like repeats

LNR RAM TAD PEST
1      36

ANK

LNR RAM TAD PESTANK

repeatsTM

repeatsTM
1                                      34

Notch1/2

Notch3

Figure 8–1: Diagram of Notch receptor.



S2 cleavage
(TACE)

CSL

Co-A
NIC

D

NICD

Ub
Ub

Ub
Ub

NICD

S3 cleavage (• -secretase)

NICD

Ubiquitination and degradation

Transcription regulationLigand/receptor interaction

Ligand

S1 cleavage (Furin)

NICD Golgi apparatus

Plasma Membrane

Nucleus

S2 cleavage
(TACE)

CSL

Co-A
NICD

S3 cleavage (• -secretase)

Transcription regulation
Ligand/receptor interaction

Ligand

Plasma Membrane

Nucleus

NICD

NICD

Figure 8–2: Notch pathway elements.



DKK3
Wnt

Frat

GSK3β

GSK
TCF

Cyclin D1
Myc
Evi3
Proliferin
Msi1?

NIC

DL1/Jag2

NEC

NIC

Numb

Musashi

Shc
Grb

Ras Raf

ERK
MEK

CSL
Numb promotes NIC
degradation & blocks
nuclear translocation

Musashi blocks
translation of Numb
& p21Cip1

Proliferin activates ERK to
inhibit GSK3β targeting of
Notch & β-catenin to the
proteasome

Proliferin

Hes/Hey
Notch1
Delta1
Cyclin D1
Presenilin

βCatenin

βCat

Dvl

A
P

C

A
x

in

LR
P5

/6

p21Cip1

G,β/γ

Figure 9–1: Musashi signaling pathways associated with mammary stem cells.



Preventative and therapeutic strategies for cancer stem cells 79

These alternatives have more recently been reconsidered and updated.83 Kern

and Shibata,84 using a mathematical analysis, point out that tumor-initiating

capacity could be a varying probabilistic potential for all tumor cells, rather than

a quantal and deterministic feature of a minority of tumor cells. Identification

of tumor-initiating cell populations through the use of marker phenotypes could

preferentially enrich for cells able to transplant tumors, but even with the best

purification systems, the so-called nontumorigenic cell population will contain

up to 3% of tumorigenic cells.85 Are these cancer stem cells or transit-amplifying

cells in the cancer cell lineage arrested at an earlier stage of differentiation than

the majority of the nontumorigenic population? The recent attempts to separate

cancer stem cells from non–stem cells using flow-cytometric separations depend

on cell surface markers that may change expression or be masked by cell surface

carbohydrates. Thus the fractionation procedure itself may change the expression

of the marker or alter the phenotype of the cell. In addition, the significance of

transplantation of human cancer cells into severe combined immunodeficiency

disease (SCID) mice as an indicator of the tumor-initiating property of cancer

stem cells has come into question.77 In contrast to the finding that only 1 in

250,000 human leukemic cells is transplantable into SCID mice, essentially all

of the cells of a mouse B-cell lymphoma will produce tumors when injected

into nonirradiated congenic recipients,77 previously reported in 1937.86 Thus it

is possible that the tissue microenvironment of a SCID mouse limits the ability

of the human leukemic cells to form a tumor. If so, the low fraction of cells in

human leukemia transplantable to SCID mice could be due to an incompatible

microenvironment,77 not to a property of the transplanted cells.

Regardless, if the explanation for tumor initiation and resistance to therapy is

because of cancer stem cells, or the presence of dormant cancer cells, it is clear

that efforts to develop better therapeutic approaches need to be directed to these

cells. In fact, the properties of so-called cancer stem cells and dormant cancer

cells may be similar. Therapies designed to alter cancer stem cells may also affect

dormant cancer cells. If so, it is possible that new therapies can be directed to

some of the shared characteristics of the cancer stem cells and dormant cancer

cells3–5 such as the signals that maintain stemness.87,88

CANCER STEM CELL–DIRECTED THERAPY

Regardless of whether cancers are maintained by stem cells or by a population

of cells that are in G0 at the time of treatment, the signaling pathways of the

treatment-resistant cells can be exploited in an effort to eliminate the therapy-

resistant cells. The rationale for this approach is presented in Figure 5–5.5 It is

based on the supposition that cancer stem cells or dormant cancer cells are main-

tained as stem cells or dormant cells by specific stem cell signaling pathways87

and that blocking of the stemness pathways will force cancer stem cells to become

transit-amplifying cells. As transit-amplifying cells, the cancer will lose resistance

to other forms of therapy.
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Figure 5–5: Differentiation therapy of cancer stem cells. Chemotherapy, radiotherapy, and antian-
giogenic therapy are directed to the actively proliferating transit-amplifying cells of a cancer. When
these therapies are discontinued, the cancer regrows from the therapy-resistant cancer stem cells.
Differentiation therapy blocks the activation signals, causing maturation arrest. However, when
differentiation therapy is discontinued, the cancer will reform from the cancer progenitor cells.
Stem cell inhibition is directed against the signals that keep a cancer stem cell a stem cell. By
blocking or reversing the stemness signals, it may be possible to force the cancer stem cell to
differentiate. Modified from Sell.5

Inhibition of cancer stem cell signaling pathways

A number of signaling pathways have been identified in normal89 and cancer90–92

stem cells. Inhibition of normal stem cells by RNA interference allows the stem

cells to begin differentiation.89 Using loss-of-function strategies,93 knockdown

of Oct-494,95 or Nanog96 promotes differentiation of human embryonal stem

cells, as determined by changes in morphology, growth rates, gene profiling,

and phenotype. Thus the principle that the stem cell properties of normal stem

cells are maintained by stemness signals and that blocking these signals induces

differentiation has been established. In normal asymmetric stem cell division,

the signals that determine which daughter cell remains a stem cell, and which

begins the process of determination, may also be the signals that control the

growth and differentiation of cancer cells.97

Cancer stem cell signals

Cancer stem cell signals include Oct-4, Wnt/β-catenin, Notch, BMP (bone mor-

phogenetic protein), Janus family kinase (JFK), sonic hedgehog (shh), and oth-

ers.89,98–104 Some potential targets for therapy are listed in Table 5–1. Increased

activities of Oct-4, Wnt, and shh have been specifically identified in breast can-

cer.99,101–103 The Wnt/β-catenin family has been consistently associated with can-

cer cells of various types.103–105 The principle of how to direct targeted therapy
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Table 5–1. Some potential targets for iRNA inhibition in cancer therapy

Cancer type Targets

Breast Oct-4, Wnt, Shh, Her2/neu, EGFR, epithelial
specific antigen (ESA), CD44, Notch, transforming
growth factor-beta (TGF-β), BMI1

Leukemia/non-Hodgkin’s lymphoma CD33, CD45, etc.

Cancer stem cells Bmi1, c-kit, Notch 1, CD-133, chemokine
receptor CXCR4, CD34, SCA-1, Thy-1, EED, Oct4, Lmo4

Solid tumors Oct-4, Wnt, SLAM family members CD48,
CD150, and CD244

against cancer stem cells will be addressed using the example of breast cancer;

the conclusions also apply to other solid cancers.

Breast cancer

A number of signaling pathways are active in breast cancer cells. For the purpose

of this chapter, we will concentrate on three pathways: Wnt, Her-2/Neu, and

BMI1.

Wnt

The Wnt pathway is a prime target for gene therapy of breast cancer stem cells.

Wnt-1 and Wnt-6 have been found to be highly expressed in both normal and

malignant breast tissues, but Wnt-7b is downregulated in breast cancer.105 Wnt-1

mRNA is upregulated by β-estradiol in MCF-7 breast cancer cells,106 as is Wnt-

5B, but Wnt5A is not.107 Wnt-3 and Wnt-3a mRNAs are coexpressed in MCF-7

cells and are downregulated together by β-estradiol in MCF-7 cells.108 Transgenic

expression of Wnt-1 or Wnt-10b in mouse mammary gland leads to lobuloalve-

olar hyperplasia, with progression to cancer.103 Wnt family members associated

with the Wnt/β-catenin pathway are expressed in breast cancer stem cells, and

Wnt family members associated with the Wnt/Ca++ pathways are expressed in

non–stem cells.98 Wnt signaling is increased in other stem cell cancer systems

such as gastrointestinal cancer.109

Her-2/Neu

Another prominent stem cell signaling pathway in breast cancer involves upreg-

ulation of the epidermal growth factor receptor (EGFR) in the form of the

proto-oncogene Her-2/neu (c-erb-B2). Her-2/neu acts through Wnt-mediated

β-catenin signaling and loss of E-cadherin–mediated cell adhesion.110 Loss of

E-cadherin and disruption of cell–cell adhesion are associated with progres-

sion and metastasis of breast cancer.111 Alterations of E-cadherin and caveolin1

protein activate the nuclear translocation of β-catenin, thereby activating the

β-catenin signaling pathway. The natural action of EGF is to increase levels of

β-catenin and expression of c-MYC, which is a target gene of the β-catenin-TCF/

LEF1 pathway.112 Activation of Her-2/neu and β-catenin appears to be critical in
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the progression of breast cancer to metastasis. Blockade of these signals may be

an effective means of inhibiting breast cancer stem cells and treating metastatic

breast cancer.113 Thus it is proposed that gene therapy of cancer should be directed

toward blocking the activation pathways discussed previously.90

BMI1

Recent clinical genomics data provide compelling evidence for the role of BMI1-

activated oncogene expression in breast and other cancers. These data also pro-

vide powerful evidence supporting a cancer stem cell hypothesis and suggest that

gene expression signatures associated with the stemness state of a cell (defined

as phenotypes of self-renewal, asymmetrical division, and pluripotency) might

be predictive of cancer therapy outcome.114 A mouse/human comparative cross-

species translational genomics approach was utilized to identify an 11-gene sig-

nature that distinguishes stem cells with normal self-renewal function from stem

cells with drastically diminished self-renewal ability due to the loss of the BMI1

oncogene as well as consistently displaying a normal stem cell–like expression

profile in distant metastatic lesions, as revealed by the analysis of metastases

and primary tumors in both a transgenic mouse model of prostate cancer and

cancer patients.114 Kaplan–Meier analysis confirmed that a stem cell–like expres-

sion profile of the 11-gene signature in primary tumors is a consistent powerful

predictor of a short interval to disease recurrence, distant metastasis, and death

after therapy in cancer patients diagnosed with 12 distinct types of cancer.114–117

Most prominent is the presence of a conserved BMI1 oncogene-driven pathway,

which is similarly activated in both normal stem cells and a clinically lethal

therapy-resistant subset of human tumors diagnosed in a wide range of organs

and uniformly exhibiting a marked propensity toward metastatic dissemination.

Consistent with this idea, the essential role of the BMI1 oncogene activation in

prostate cancer metastasis as well as in the maintenance of a self-renewal ability

and high malignant potential of human breast cancer stem cells has been demon-

strated.114,118,119 In preliminary experiments in our laboratory, it was shown that

transfection of breast cancer cells from transgenic mice with RNAi to BMI1 greatly

reduces the ability of the breast cancer cells to initiate tumors on transplantation

(G. Glinsky et al., unpublished data).

Other cancers

It is not possible to list all of the potential pathways in this brief chapter. Signals

that have been specifically identified as being associated with cancer stem cells

and poor prognosis are Bmi1, Oct4 (Pou5F1), EED, and Lmo4.116 It is likely to

be more effective to attempt to inhibit these signals, rather than signals such as

Notch and NF-κB, which are more highly expressed in normal stem cells than

in cancer stem cells.92,120 Although some of the signal proteins, such as Notch

and NF-κB, may eventually be targeted, it would appear more effective to target

signals that are more prominent in cancer cells than in normal stem cells. In
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any case, if this approach is ever to be used, it is necessary to identify specific

inhibitors for cancer stem cell signals and methods or approaches to deliver the

inhibitor effectively in vivo.

CANCER STEM CELL INHIBITION

Possible inhibitors of cancer stem cell signaling pathways include iRNA and spe-

cific small-molecule inhibitors of the signaling pathway.5,90

Inhibitory RNA

RNA interference (RNAi) has been proposed for inactivating cancer stem

cells.94–96,121 An oligonucleotide sequence complementary to messenger RNA

(mRNA) will target the nucleic acid in the cell and lead to degradation of the

mRNA. RNAi can inhibit gene expression both in vitro and in vivo.122–124 The

demonstration that an oligonucleotide sequence complementary to the 3′ end

of Rous sarcoma virus was able to block viral replication in chicken fibroblasts

provided a proof of principle for the use of RNAi to block cancer cells.125 If RNAi

can be used to block the signals that maintain stem cell characteristics,89 it may

be possible to block cancer stem cells by treatment using siRNA sequences spe-

cific for Nanog, Oct-4, Sox2, selected Wnt family members, Notch-4, Her-2/neu,

β-catenin, shh, and BMI1, either singly or in combination.90 The problems associ-

ated with gene therapy of cancer in general also apply to gene therapy of cancer

stem cells. These are obtaining the appropriate ologonucleotide and effective

delivery mechanisms for inhibition.

Oligonucleotides

Advances in automated DNA synthesis and chemical modifications that increase

resistance to nuclease digestion have made it much easier to design and make spe-

cific siRNA sequences that inhibit stem cell signals.126 Inhibition of cancer stem

cells following killing of cancer transit-amplifying cells may provide a one-two

punch to cancer cells. In a proof-of-principle experiment, it was shown that treat-

ment of a mixture of chronic myeloid leukemic cells and normal hematopoietic

progenitor cells in vitro with bcr-abl antisense oligonucleotides combined with

mafosfamide was highly effective in killing leukemic progenitor cells, yet spared a

much higher number of normal progenitor cells than did high-dose mafosfamide

treatment alone.127

Delivery of iRNA

Whereas inhibition by iRNA has been shown in some instances in vitro, major

problems exist in adapting iRNA inhibition for use in vivo.123,124 First, the iRNA

must be injectable in a form that is not degraded and at least has a chance to

reach tumor cells intact. Proposed injectable forms include free, cyclodextrin
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polymer-conjugated, carbohydrate-modified, liposomal nanopeptide carrier,

biologic nanopeptide vehicle (ENGeneICDeliver Vehicle), and lentivirus or ade-

novirus constructs. Obviously, such a long list implies that no single approach

has worked well, and much needs to be done to devise a successful and general

mode of delivery. Also, the route of injection may be critical. For example, free

iRNA would not be expected to survive to reach the cancer unless it is injected

directly into the tumor. The various routes of delivery proposed, besides direct

injection into the tumor, include systemic, nasal, intraperitoneal, and intrahep-

atic. Nanoimmunoliposome complexes of iRNA against HER-2 mRNA, encapsu-

lated by a cationic liposome and decorated with anti-TfR single-chain antibody

fragments, have been targeted to primary and metastatic lesions in SCID mice

transplanted with human breast and pancreatic cancers.124 Problems arise in

how to deliver genes or gene products to cancer stem cells, and in how to avoid

affecting normal tissue stem cells. Liposomal carriers and virus-based expres-

sion vectors may be used to attempt to deliver concentrations of siRNAs that

will be therapeutic.128 Lentiviral vectors appear to be the best for gene delivery

because they infect both noncycling and postmitotic cells, and the transgenes

expressed from lentivirus are not silenced during differentiation of embryonic

stem cells.129,130

It may be possible to direct siRNA sequences specifically to target cancer

stem cells via receptors that are known to be expressed on stem cells. In

this approach, any of a number of receptors on normal stem cells could be

overexpressed on cancer stem cells. Targeting steroid receptors on cancer cells

has been proposed for cancer gene therapy.128 Other possibilities include the

epithelial-specific antigen (ESA) or CD44 phenotype described for breast cancer

stem cells.131–133 Constructions combining an antibody to ESA or CD44 with

siRNA against stem cell signals might allow preferential delivery and inhibi-

tion of breast cancer stem cells. Other possible cancer cell receptors or markers

may be addressed in this way. Some of these are c-kit,134,135 estrogen receptor

and EGFR,133,136 CD-133,137 and chemokine receptor CXCR4.138 Other mark-

ers present on hematopoietic stem cells that might also be expressed on can-

cer stem cells of other tissues include CD34, SCA-1, and Thy-1139 as well as

SLAM family members CD48, CD150, and CD244,140 which may be differen-

tially expressed depending on the degree of differentiation of the cancer stem

cells.

The potential sharing of “ondodevelopmental markers”141 between cancer

stem cells and normal tissue stem cells raises the issue of delivery of inhibitory

molecules to the wrong cells, in particular, delivery to hematopoietic or gastroin-

testinal (GI) stem cells. The resting stem cells in these organs are required for

regeneration of the blood or GI transit-amplifying cells, which are highly suscep-

tible to radiation treatment or chemotherapy due to their high turnover rate.67,68

To realize application of gene therapy to cancer stem cells, it may be necessary to

screen cancer stem cells for unique markers that might not be shared with normal

tissue stem cells.136,142 It may also be possible to limit application to local areas

so as to avoid systemic therapy or else devise procedures to protect vulnerable
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Table 5–2. Some inhibitors of major stem cell signaling
pathwaysa

Signaling pathway Inhibitor

JAK-STAT APS
Notch γ-secretase inhibitor (DAPT)
MAPK/ERK RAF kinase inhibitors/U0126
PI3-K/Akt Rapamycin (LY294002)
NF-κB I- κB, PTDC
Wnt/β-catenin NSAID, GSK-3, sFRPs, DKK, Axin
TGFβ (BMP) SMAD6,7; Lefty1,2; Gremlin, SM16, etc.
Sonic hedgehog (shh) Cyclopamine
Oct-4/Sox2/Nanog Tcf3

a Data adapted from Sell.87

normal tissue-renewing cells (such as by combining cancer stem cell gene therapy

with erythropoiesis-stimulating agents).143

Molecular inhibitors

Molecular inhibitors for major stem cell signaling pathways are listed in Table

5–2, and the full names of these inhibitors appear in Table 5–3. Again, most of

these agents have been shown to have some inhibitory effect on cancer cells in

vitro, but how this information can be applied in vivo, and whether or not the

agents will have deleterious effects on normal tissue stem cells, remains to be

determined. Much of the data now being collected on the use and efficacy of

Table 5–3. Some molecular inhibitors of signaling pathwaysa

Inhibitor Full name of inhibitor

APS Adaptor molecule (pleckstrin homology and SH-2 domains)
NSAID Nonsteroidal anti-inflammatory drugs
GSK-3 Glycogen synthesis kinase-3
sFRPs Secreted Frizzled-related proteins
DKK Dickkopf family (WIF-1, Cerebus)
DAPT γ-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester
SMAD6,7 Related to Drosophila Mad (mothers against decapentaplegic),

inhibitor of SMAD transcription factors for TGF-β pathway
Lefty1,2 Inhibitor of Activin activation of TGF-β pathway
Gremlin Inhibitor of BMP activation of TGF-β pathway
LY294002 Selective PI3 kinase (PI3K) inhibitor
I-κB Inhibitor of κB
PTDC Sodium pyrrolidinethiocarbamate
U0126 MAP kinase inhibitor [1,4-diamino-2,3-dicyano-1,4-bis

(o-inophenylmercapto)butadiene ethanolate]
SM16 Small molecular inhibitor of TGF-β type I receptor kinase (ALK5)
Tcf3 Repressor of Wnt target genes
Velcade Blocks NF-κB

a Data adapted from Sell.87
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molecular inhibitors are restricted by confidentiality agreements of the commer-

cial enterprises supporting the work. Even if some of these approaches eventually

do work out, a word of caution is needed because of the tendency of cancer stem

cells to mutate and change characteristics, usually to a more malignant form.144

This property makes the cancer stem cell a moving target for specific therapy.
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Stem cells are an important part of the physiology of different tissues, including

the hematopoietic system. Hematopoietic stem cells (HSC) serve as an essential

component of the blood-forming system and generate all cell types found in

mature blood. Not surprisingly, given the importance of HSCs, their phenotypes

and properties have been studied extensively in both human and murine sys-

tems. Interestingly, by analogy to HSCs, a large body of evidence has shown that

different types of leukemia can arise from a malignant counterpart to the HSC,

known as a leukemia stem cell (LSC) or leukemia-initiating cell (L-IC).1–4 Recent

studies suggest that LSCs are not effectively eliminated by commonly utilized

therapeutic regimens and thereby represent a likely source of leukemia relapse.

Consequently, there is an increasing interest in understanding LSC biology to

identify a means of ablating malignant stem cells. Due to the extensive under-

standing of the normal hematopoietic system, and the availability of tools and

techniques to isolate and assay this population of cells, substantial progress has

been made both in understanding the properties of LSCs and in the development

of promising selective anti-LSC therapies.

93



94 Monica L. Guzman, Gerrit J. Schuurhuis, and Craig T. Jordan

Table 6–1. Leukemia stem cells for chronic myelogenous leukemias and B and T cell
acute lymphoblastic leukemias

Type of leukemia Phenotypically described LSC References

Acute myelogenous CD34+ CD38− CD90− CD117− (1,3,16–19)
leukemiaa CD123+ CD96+ CLL-1+

Blast crisis chronic CD34+ CD38+ (29)
myelogenous leukemia

T-cell acute lymphoblastic CD34+ CD4−; CD34+ CD7− (87)
leukemia

B-cell acute lymphoblastic CD34+ CD38−/lowCD19+; (13,88−91)
leukemia CD34+ CD38− CD33− CD19−;

CD34+ CD38−; CD34+ CD10− CD19−;
CD133+ CD38− CD19−

a Not all cases obey the indicated immunophenotype.

IDENTIFICATION OF LSCS IN HUMAN LEUKEMIAS

In the 1960s, Fialkow and colleagues provided supporting evidence for the stem

cell origin of human leukemia by studying X-linked glucose-6-phosphate dehy-

drogenase (G-6-PD) in erythrocytes and granulocytes from patients diagnosed

with chronic myelogenous leukemia (CML).5 It was found in female patients

heterozygous for two variant types of G-6-PD that only one of the two variants

was present in both erythrocytes and granulocytes. This observation strongly

suggested that a common stem cell gave rise to these two cell populations. Later,

with the identification of the Philadelphia chromosome (Ph), t(9;22), in CML,

further evidence for the involvement of stem cells in the disease was obtained.6

Indeed, multilineage involvement has been described for Ph+ CML and acute

lymphoblastic leukemia (ALL) patients.6,7

The first demonstration that a small subpopulation of cells within a hetero-

geneous tumor can recapitulate leukemic disease was reported by Lapidot and

colleagues in 1994.1 Those studies employed an immunodeficient mouse xeno-

transplant assay for tumor initiation, which is now the gold standard for the

validation of cancer stem cell function in vivo. Subsequent studies by Bonnet

and Dick2 provided a broad analysis of multiple subtypes of acute myelogenous

leukemia (AML) and included detailed stem cell analysis. It was observed that

a rare population of cells (∼0.1% to 1%) is present that displays similar pheno-

typic markers to normal HSCs (CD34+/CD38−). This CD34+/CD38− subpop-

ulation was shown to initiate AML and recapitulate disease when transplanted

into nonobese diabetic/severe combined immunodeficiency disease (NOD/SCID)

mice. Subsequent studies identified LSCs for chronic myelogenous leukemias as

well as B and T cell acute lymphoblastic leukemias (Table 6–1). The identification

of LSC populations in different types of leukemia, and the definition of their

phenotypic markers, has served as a foundation for the study of their role in

pathogenesis as well as response to therapies.
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Figure 6–1: Leukemia stem cells (LSCs) are thought to arise from a normal hematopoietic stem
cell or progenitor cell that undergoes a malignant transformation event. LSCs then have the ability
to give rise to leukemia progenitor and blast populations. See color plates.

CELL OF ORIGIN

Models for LSC origin suggest that such cells may arise from normal hematopoi-

etic stem or progenitor cells that undergo a series of transformation events that

perturb self-renewal and differentiation pathways (Figure 6–1). As a result, these

transformed cells acquire the ability to give rise to an aberrant population of

immature cells known as leukemic blasts.

Different theories for the cellular origin of leukemia have arisen from detailed

studies of disease-specific translocations and the prospective isolation and iden-

tification of phenotypic markers for LSCs: (1) in chronic-phase CML patients, the

characteristic BCR-ABL translocation has been found in different hematopoietic

lineages, supporting the idea that the disease originates at the HSC; (2) in AML,

a very heterogeneous disease both phenotypically and clinically, most subtypes

have been shown to contain LSCs with similar phenotypes that are to some extent

similar to the normal HSCs (CD34+, CD38−) – this similarity was taken to suggest

that LSCs may originate from a transformed HSC1,8; (3) in contrast, specific lin-

eage restrictions observed for some AML patients, such as monocytic/granulocytic

leukemia, have suggested the possibility of malignant transformation in a com-

mitted progenitor cell as the origin for disease.9
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More recent studies have strongly suggested the possibility that the transfor-

mation event can occur sequentially in different developmental stages, where an

initial mutation originating in a stem cell creates a preleukemic LSC. Subsequent

mutations at either the stem or progenitor cell level transform the preleukemia

stem cell into an LSC that can give rise to frank leukemia,10 consistent with the

classic two-hit model of oncogenesis.11 For example, in phenotypically primitive

cells (CD34+CD38−CD90+) isolated from patients with AML-ETO translocation

(t(8;21)) AML in remission, it was shown that even though AML-ETO transcripts

were detected, the cells formed normal multilineage colonies with no disease

phenotype. In contrast, more mature cells (CD34+CD38+) give rise to leukemic

blast cells.12 These observations suggest that the initial transformation (AML-

ETO) occurred in a stem cell, but that subsequent mutations likely occurred at

later stages of development, thereby giving rise to a fully transformed leukemic

stem/progenitor. Further support for this model arises from a study of identical

twins.13 One twin presented with B-cell ALL bearing the translocated leukemia

(TEL)-AML chromosomal translocation, while the healthy twin carried a very

rare population of apparently premalignant cells (0.002%) with the TEL-AML

translocation.13 These studies indicate that disease pathogenesis may involve a

preleukemia stem cell stage. Leukemia mouse models have additionally shown

that the nature of the transformation event also plays a role in the generation

of preleukemia and leukemia stem cells in different hematopoietic stem and pro-

genitor pools.9,14,15

It is likely that preleukemia stem cells possess different biological character-

istics that distinguish them from LSC and leukemia blast populations. Thus, to

improve therapeutic targeting and assessment of minimal residual disease, a bet-

ter understanding of the characteristics of these populations and their role in

leukemogenesis is essential.

CHARACTERISTICS

Since the initial functional definition of AML LSCs in 1994, there has been a

continuous effort to better characterize these cells at the phenotypic and molec-

ular levels. LSCs share some immunophenotypic markers with normal HSCs

(CD34+CD38−). However, certain differences have also been described. Unlike

HSCs, LSCs generally do not express CD90 and CD117, but are usually positive

for CD123, CD96, and CLL-1.3,16–19 Together, these phenotypic differences allow

for the detection, isolation, and characterization of LSCs. In addition to an aber-

rant phenotype, LSCs may have altered self-renewal and survival characteristics

when compared to their normal HSC counterparts. Using lentiviral marking of

LSCs and serial transplantation in immunodeficient mice, LSC populations were

shown to be heterogeneous, consisting of cells with different self-renewal capaci-

ties. In some cases, potentially higher self-renewal capacity than found in normal

HSCs was discovered.20
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The cellular and molecular analysis of LSCs has been greatly facilitated by the

ability to perform prospective isolation and functional analysis. Unlike actively

cycling bulk tumor cells, LSCs often exist in a quiescent state, a characteristic that

is shared with their normal counterparts.21,22 This state of quiescence suggests

that LSCs will likely be more refractory to commonly used therapies. Indeed,

the relative resistance of LSCs to chemotherapy has been demonstrated experi-

mentally for agents, such as cytarabine and daunorubicin, that are designed to

interfere with DNA replication and/or repair.23–25

Importantly, a number of studies have identified constitutively activated sur-

vival pathways in LSCs that are not active in normal HSCs.26,27 The activation of

survival pathways in LSCs has been exploited as a means to preferentially target

LSCs and not HSCs. One such survival mechanism is the NF-κB pathway, which

is found constitutively activated in leukemia cells and, interestingly, also in the

quiescent LSC populations.26 In addition, the PI3 kinase signaling pathway has

been found to be constitutively active in primary AML samples, and inhibition

of this pathway also impairs LSCs.27,28

As mentioned previously, in addition to altered survival, LSCs can also demon-

strate aberrant activation of self-renewal capacity. An example of this state has

been shown for granulocyte-macrophage progenitors from patients with blast cri-

sis CML, where activated beta-catenin contributes to their increased self-renewal

ability.29 This capacity can be reduced by overexpression of Axin to inhibit

beta-catenin.

LSCs AND THERAPY

Increasing evidence suggests that most current therapeutic regimens fail to eradi-

cate LSCs.30–34 Thus some consideration of LSC biology is essential for developing

antileukemia therapies that will more effectively target malignant stem cells. For

example, agents, such as cytarabine, that are very effective in targeting actively

cycling cells fail to ablate the quiescent LSCs.23 Similarly, in CML, while the use of

imatinib (BCR-ABL kinase-specific inhibitor) effectively eradicates bulk disease,

the drug is cytostatic only for primitive cells and thereby unable to eliminate

LSCs.33,34 Consequently, there has been an increased effort to identify therapies

that can more effectively target primitive leukemic cells, exploiting a diverse set

of features that discriminate LSCs from HSCs.

Phenotypic markers

CD123, the IL-3 receptor alpha, is expressed in LSCs from AML patients but is

not found on normal HSCs. A potential approach to exploit this difference is the

use of fusion constructs of the catalytic and translocation domains of diphtheria

toxin (DT388) to human IL-3. The fusion has been found to selectively kill AML

cells in vitro35–38 and in a mouse xenograft model system.38 Furthermore, in phase
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I clinical trials, AML cytoreductions were observed in 17.5% of patients. However,

since the sensitivity to the DT388IL-3 varies with the amount of expression of the

high-affinity IL-3R heterodimers (alpha and beta),39 and the expression of the

IL-3R beta chain (CD131) has not been well described in primitive cells, the net

effect of DT388IL-3 on LSCs requires further investigation.

CD33 expression in LSCs from AML patients has been a matter of debate.

There are reports that describe the expression of CD33 in primitive AML

populations.40,41 Another report suggested that CD34+ progenitors from AML

patients do not express CD33.42 CD33 was, however, also found expressed

in normal CD34+CD38-Lineage− (lineage: CD3, CD14, CD16, CD19, CD20,

CD56),40 providing a possible explanation for cytopenias observed with anti-

CD33 therapy. Gemtuzumab ozogamicin (Mylotarg) is an anti-CD33 mon-

oclonal antibody linked to the toxic agent calicheamicin and is currently

approved by the U.S. Food and Drug Administration for treatment of

elderly patients with relapsed AML who are not candidates for standard

chemotherapy.43 The clinical use of Mylotarg provides an avenue of inves-

tigation for the response in LSC populations in patients who have received

treatment.

CD44 expression has been found in CD34+CD38− cells from AML patients and

was recently shown to be an important regulator of LSC fate, as demonstrated by

treatment with an anti-CD44 activating antibody (H90), which reduced engraft-

ment of primary AML cells in immunodeficient NOD/SCID mice.44 In addition,

studies of CD44 in a mouse model of CML have shown that LSCs are dependent

on CD44 for homing and engraftment more than normal HSCs, emphasizing the

importance of CD44 for LSC targeting.45

CLL-1 and CD96 have both been recently demonstrated to be differentially

expressed in LSCs from AML patients.16,17 Ongoing studies will determine

whether these epitopes represent useful targets for therapy.

CXCR4, also know as fusin, is a chemokine (CXC) receptor for SDF-1 (CXCL12).

CXCR4/SDF-1 interactions have an important role in the homing of HSCs to the

bone marrow.46 In AML, it has been reported that low expression of CXCR4

correlated with longer relapse-free survival.47 The use of CXCR4 neutralizing

antibodies or AMD3100 (CXCR4 antagonist) significantly decreased the survival

of AML cells in vitro. Moreover, blocking of CXCR4 also resulted in decreased

engraftment of primary AML cells.48 Since the interactions of LSCs with the

bone marrow microenvironment are likely conferring additional survival signals,

allowing them to escape from chemotherapeutic insults, the use of approaches

that disrupt these interactions are of considerable interest.

Molecular targets

An alternative strategy for ablation of LSCs is to target pathways involved in sur-

vival and pathogenesis that are unique to primitive leukemia cells. However, due

to the substantial genetic and phenotypic heterogeneity found among leukemia

patients, the identification of common pathways may be difficult. Nonetheless,
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several pathways have emerged in recent years that may be relevant to LSC biol-

ogy and represent potential targets for therapy.

FLT3 (FMS-like tyrosine kinase) is a tyrosine kinase receptor involved in prolif-

eration, survival, and differentiation of normal hematopoietic progenitor cells.49

Activating mutations, such as internal tandem duplications (ITD) or point muta-

tions in the kinase domain, have been found in AML and are often correlated with

poor survival rates.50–53 In addition, it has been shown that FLT3-ITD mutations

are observed in the primitive CD34+CD38– cells from AML patients harboring

FLT3-ITD mutations.54 While the biological relevance of FLT3 activation in LSCs

has not yet been determined, growing interest in the use of FLT3 inhibitors for the

treatment of AML has provided an opportunity to address this issue in malignant

stem and progenitor cell populations.54,55

PI3K (phosphatidyl-inositol 3 kinase) is a lipid kinase regulated in response

to multiple hematopoietic cytokines and chemokines. It serves as a broad

regulator of cell proliferation and cell growth. The effects of PI3K on cell

survival are mediated through its downstream effector, the serine-threonine

kinase protein kinase B (PKB)/Akt.56 It has been shown that Akt is consti-

tutively active in most primary AML specimens. Furthermore, mTOR (mam-

malian target of rapamycin), the downstream effector of Akt, was shown to

be necessary for survival of LSCs following genotoxic stress.27,28 Treatment

with the PI3K inhibitor LY294002 resulted in growth inhibition and apopto-

sis of AML cells with minimal effect on normal CD34+ hematopoietic progen-

itors.27 The importance of this pathway for the survival of LSCs was under-

scored by the decreased ability of cells to engraft NOD/SCID mice after treat-

ment with LY294002. Currently, rapamycin derivatives, such as everolimus,

temsirolimus, and AP23573, as well as emerging PI3K inhibitors are being eval-

uated in preclinical and clinical trials for different types of malignancies.57

Obtaining safety and pharmacodynamic data on these types of drugs will indi-

cate whether inhibition of mTOR can sensitize LSCs in vivo to the genotoxic

stress induced by most common therapeutic agents, as suggested by in vitro

studies.

NF-κB is a transcription factor involved in cell growth and survival and has

been found to be constitutively activated in many types of cancers, including

leukemia.58–63 Surprisingly, it is also active in the quiescent LSC populations of

primary AML samples.26 In contrast, normal CD34+ cells do not activate NF-κB at

steady state. Thus strategies to inhibit NF-κB represent an interesting approach to

more durable AML therapy. To this end, different approaches have been explored.

Proteasome inhibitors block the degradation of IκBα, the endogenous inhibitor

of NF-κB, thereby resulting in the loss of NF-κB activity. Initial studies in pri-

mary AML cells demonstrated that treatment with the proteasome inhibitor

carbobenzoxyl-L-leucyl-L-leucyl-L-leucinal (MG-132) induced robust apoptosis in

less than 24 hours.26 Molecular genetic studies using a dominant-negative allele

for IκBα demonstrated that inhibition of NF-κB alone is not sufficient to induce

robust cell death of primary AML cells; however, it likely contributes to the apop-

totic process. Further analyses of MG-132 in combination with the anthracycline
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idarubicin showed improved targeting of LSC and suggested that activation of

p53-regulated genes is also involved in LSC apoptosis.23

Another approach to targeting the NF-κB pathway is use of the sesquiterpene

lactone parthenolide (PTL). This compound is derived from a medicinal plant

known as feverfew. PTL has been shown to specifically target LSCs from AML

and blast crisis CML patients while sparing normal HSCs.64 While in vitro studies

of PTL showed promising anti-LSC activity, in vivo studies with this drug have

been limited by the poor pharmacological properties of the compound.30 To over-

come this limitation, structural analogs of PTL have been created to generate a

more useful clinical agent. From these efforts, a dimethyl-amino analog with over

a 1,000-fold greater solubility than PTL was identified. The compound, known

as DMAPT or LC-1, has 70% oral bioavailability in rodent and canine models.

DMAPT activity against LSC was also documented, as was the activity to inhibit

NF-κB in vivo.30 Interestingly, DMAPT also showed the ability to induce differen-

tiation of canine leukemia cells in vivo, although these observations need to be

further corroborated in a larger and more detailed study. Future clinical studies

will assess whether DMAPT can target LSCs in human leukemia patients.

Other approaches

Upregulation of antiapoptotic proteins, such as Bcl-2 and Bcl-xl, is commonly

found in cancers.65 Therefore inhibitory molecules for Bcl-2 and Bcl-xl have been

developed. One such inhibitor is ABT-737, which is a small molecule that mimics

BH3-domain molecules, such as Bax and Bak, that naturally bind to Bcl-2 and

Bcl-xl, resulting in cell death.66,67 Recently, it was shown that ABT-737 can kill

primary leukemia cells with little effect on normal hematopoietic cells. The study

also showed activity of ABT-737 against phenotypically defined AML stem cells,

thereby indicating potential utility of the drug for LSC-targeted therapies.67

TDZD-8 (4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione) was originally

described as a GSK3-beta inhibitor.68 However, a recent report revealed that

TDZD-8 demonstrates the unique ability to induce cell death of primary LSCs

from AML, ALL, and blast crisis CML patients within 2 hours after drug exposure.

In addition, no apparent toxicity was observed in normal HSCs.69 The activity of

TDZD-8 appears to be independent of GSK3-beta since other GSK3-beta inhibitors

do not demonstrate such properties. TDZD-8 was found to inhibit several kinases

involved in growth and survival functions of malignant cells such as PKC family

members, Akt, FLT3, and Aurora B. Although the primary target of TDZD-8 is

not yet clear, the specificity and kinetics of the drug make this agent of unique

interest for LSC targeting.

In silico screening of publicly available gene expression profiles in the Gene

Expression Omnibus (GEO) has been used to identify compounds that can dif-

ferentially target LSCs.70 Specifically, the gene expression pattern from PTL treat-

ment of primary CD34+ AML samples was used as a probe for identifying similar

patterns in other biological states. From this search, two new compounds with

anti-LSC activity, both of which are chemically distinct from PTL, were identified:
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celastrol and 4-hydroxynonenal. While these compounds require pharmacologic

optimization for clinical use, the process nonetheless represents a potentially

powerful means to screen for novel antileukemia drugs in a systematic manner.

Other possible targets

Notch, Hedgehog, and Wnt signaling pathways are important regulators of stem

cell self-renewal and differentiation. The aberrant activation of these pathways

has been described in studies of numerous malignancies.71–75 Notch and Wnt

signaling pathways have also been shown to play a role in the regulation of LSCs

obtained from blast crisis CML, which demonstrate the nuclear accumulation

of β-catenin, a downstream effector of the Wnt signaling cascade.29 Moreover,

Jagged-2, a ligand for Notch, has been found to be overexpressed in LSCs from

AML patients.76 Given the potential relevance to cancer, there is an increasing

interest from pharmaceutical companies to develop specific inhibitors against

molecules involved in these pathways. These agents are currently at early stages

of development, in either preclinical studies or phase I trials. While it is unclear

whether such drugs will effectively discriminate between normal and malignant

stem cells, their study represents an important line of investigation.

LSCs AND CLINICAL IMPLICATIONS

As outlined previously, therapies aimed at eradication of LSCs ideally should

target a characteristic of the LSC that is absent in the normal HSC.

Irrespective of the time point during treatment/disease (i.e., diagnosis, after a

therapy course, or at follow-up after the last therapy course), normal HSCs coexist

with LSCs: at diagnosis, normal stem cells may make up only a fraction of the

total stem cell compartment, while in remission, in many cases, the vast majority

of stem cells will be normal.

Diagnostic approaches, be they aiming at therapeutic targeting of LSCs or dis-

covering new targets, should therefore take into account the presence of these

two populations, which may widely differ both in response to current therapies or

by the presence of newly defined therapeutic targets. These approaches demand

the ability to discriminate both types of stem cells while in viable condition. As

mentioned previously, known differences in cell surface marker expression allow

identification of LSC. In AML, CD123,19 CD44,44 CD96,17 and CLL-116 have been

described as stem cell markers staining the majority of the CD34+CD38− stem

cell compartment, which, as such, has a frequency of 0.1% to 1% in total blast cell

populations. Study of expression on normal bone marrow stem cells of healthy

volunteers (or patients with non–bone marrow diseases) revealed the absence of

CLL-116 and CD44,44 low expression of CD9617 and CD123,19,77 and prominent

expression of CD33.40,77

An increasing number of reports deal with effects of leukemia blast cells on

coexisting normal cells in leukemia bone marrow. Although stem cells were not
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part of these studies, the results suggest that nonmalignant cells may not be

as normal as regularly used normal bone marrow controls: these nonmalignant

cells may acquire immunologic and apoptosis characteristics that resemble those

of their malignant counterparts.78 If such would occur for a target identified

as relevant for therapy by comparison with normal bone marrow stem cells,

it may abrogate the desired specificity for the AML stem cell. Although more

difficult for diagnostic, therapeutic, and discovery purposes, it thus seems far

more appropriate to use the nonmalignant stem cells present in the leukemia

bone marrow as the reference normal stem cell pool.

Apart from the above-mentioned markers, a number of lineage markers, that is,

B-cell, T-cell, NK-cell, and myeloid cell markers, have been found to characterize

the CD34+CD38− AML stem cell compartment at diagnosis. These markers are

absent on normal bone marrow stem cells as well as on nonmalignant stem cells

in the AML bone marrow.77 Moreover, and in contrast to CD123 and CLL-1,

the markers are virtually absent on the nonmalignant CD34+CD38+ progenitor

compartment, too, which was recognized years ago and provides the basis for

immunophenotypic minimal residual disease (MRD) detection (see subsequent

discussion).

Additional differences between normal and leukemic stem cell properties may

include cell size and granularity, with AML stem cells being slightly larger and

more granular than more mature AML cell types (Terwijn, M, unpublished obser-

vations). Such observations are not restricted to AML: in CML, as well, based

on differences in marker expression and scatter properties, and together with

fluorescent in situ hybridization (FISH) analysis, the CD34+CD38− stem cell

compartment reveals the presence of coexisting normal and leukemic stem cells

( Janssen, JJWM, unpublished observations).

Remission bone marrow evaluation often reveals the presence of malignant

blasts (not discriminating between stem cells and more differentiated cells);

these MRD cells can be quantified using either polymerase chain reaction or

immunophenotypic techniques.79–82 In the latter case, immunophenotypic aber-

rancies, such as cross-lineage antigen expression, antigen overexpression, or asyn-

chronous antigen expression, are defined at diagnosis and used for follow-up to

quantify MRD and in prognosis. Although MRD cell frequency is one of the best

overall predictors of relapse,79–82 similar to other prognostic markers, this para-

meter is not always useful for individual patients. Sequential bone marrow biop-

sies showing increased MRD frequency can be used for prognosis, but this is a

burden for the patient and time consuming for the clinician.

Since the size of the stem cell compartment at diagnosis has been shown to be

predictive for the amount of MRD after treatment as well as for clinical outcome,83

it may be argued that stem cell frequency assessment could contribute to the

prognostic impact in cases with discrepancies between MRD cell frequencies and

clinical outcome. Furthermore, therapeutic success may be related not only to

the frequency of AML stem cells, but also to the balance of AML and normal

stem cells competing for the stem cell niche.

Indeed, by using marker expression and scatter parameters, as discussed earlier,

AML and normal stem cells can be discriminated under remission conditions
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and in preliminary evaluations, showing prognostic impact.16,77 Care must be

taken with those markers that may be upregulated on normal HSCs present in

regenerating bone marrow of the patient.

With clinically relevant MRD blast cell frequencies of 0.01% to 0.1%,79–82 and

with AML-SCs making up 0.1% to 1% of AML blast cells, in the majority of

patients, AML-SCs will present with frequencies in the range of 1:100,000 to

1:10 million. Although such frequencies, in general, do not allow functional or

molecular characterization of cells isolated by flow sorting, in vitro testing of

stem cell therapies is possible using analytical flow cytometry of the bulk of bone

marrow cells, combined with appropriate markers for MRD cells and stem cells

as readouts for efficacy.

Although the commonly used definition of the AML stem cell compartment is

by immunophenotype, evidence for other definitions has also been reported. For

example, a so-called side population (SP) of cells, defined by high extrusion of the

DNA binding drug Hoechst 33342, has been described in normal bone marrow as

containing HSC activity.84 Similarly, in human AML, the SP population contains

leukemia-initiating cells that read out in the NOD/SCID xenograft model.85,86

While use of the SP phenotype may augment conventional cell surface markers,its

significance at clinical follow-up and its role in predicting outcome are as yet

unknown.

SUMMARY

The elucidation of specific markers and biological characteristics of human LSCs

has provided exciting opportunities for the development of new forms of thera-

peutic intervention. LSCs can now be physically isolated and subjected to most

forms of experimental analysis, thereby allowing detailed studies of relative drug

sensitivity and response. Furthermore, with the availability of advanced xenograft

models, it is also possible to perform in vivo analyses of LSCs in which their bio-

logical properties can be further defined. As a consequence of these capabilities,

a variety of new therapeutic strategies for targeting LSCs have emerged, some of

which are undergoing clinical testing. These approaches include the use of sev-

eral different small molecules, antibody-based drugs, and cytokine–toxin fusion

proteins. Going forward, the evaluation of such therapies will rely on developing

sensitive assays for the detection and quantification of LSCs in patients under-

going treatment with candidate targeted regimens. While assessing primitive

leukemia cells in vivo represents a significant technical and logistical challenge,

it appears that all necessary tools are in place to effectively monitor LSC burden

in patients, and to thereby determine the relevance of targeting LSCs with respect

to clinical outcome.
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Cancer is among the leading causes of death worldwide, and its incidence is

continuously on the rise. Successful therapies of this disease are a major challenge

and aim of this century. Understanding the molecular programs that control the

malignant behavior of tumor cells, particularly of those that account for tumor

initiation, growth, and metastasis, will be key to the development of targeted

cancer therapies.

Cancer arises through the accumulation of genetic and epigenetic alterations

that gradually endow the tumor cells with more aggressive growth properties,

eventually leading to the spreading of cancer cells to form metastases. Over

the past years, numerous studies have provided compelling evidence that many

malignancies are driven by cancer stem cells, a small subpopulation of tumor

cells with self-renewal and tumor-initiating capacity. Targeting the molecular

signals that control self-renewal, survival, and proliferation of cancer stem cells

is therefore considered a highly promising approach to tackle cancer at its very

roots.1–3

A series of recent studies has implicated the Hedgehog/GLI (HH/GLI) signaling

cascade in the development of a variety of human malignancies, and there is

increasing evidence that this developmental pathway plays a critical role in can-

cer stem cells, making it a primary target for novel and efficient cancer thera-

pies.4–6 This review will give an overview on recent insights into the mechanisms

of Hedgehog signal transduction, summarize key findings about the involvement

of HH/GLI signaling in cancer development, and finally, concentrate on the role

of HH/GLI in stem and cancer stem cells and its relevance to potential future

therapies.
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HEDGEHOG/GLI SIGNAL TRANSDUCTION

HH/GLI signaling fulfills a variety of critical tasks during embryonic development,

including the control of pattern formation, cell differentiation, proliferation, and

survival.7 In adult organisms, HH/GLI signaling plays a fundamental role in the

control of progenitor and stem cell behavior to ensure proper tissue homeostasis,

regeneration, and repair.8–12 Exquisite regulation of pathway activity in space

and time is essential for such processes.13 Spatial and temporal signal duration

and strength are controlled by local production of biologically active HH ligand,

which can bind to target cells, and importantly, also by the deployment of several

negative feedback systems that restrain and terminate the signal at different levels

of the HH/GLI cascade.14,15 Failure to terminate the HH/GLI signaling system can

have fatal consequences and is frequently associated with cancer development

(see Chapter 8).

A characteristic of the HH/GLI pathway is that, in the absence of ligand stimula-

tion, the pathway is actively repressed, mainly by the HH ligand receptor Patched

(PTCH), a 12-pass transmembrane domain protein. The major function of PTCH

in the absence of ligand is to prevent the activation of Smoothened (SMOH), a

seven-pass transmembrane protein and essential HH effector with homology to

G-protein–coupled receptors.7,15–17 Although the mechanism of PTCH-mediated

repression of SMOH is not clearly understood at present, there is evidence that

negative regulation of SMOH requires a catalytic small-molecule transporter func-

tion of PTCH. In fact, PTCH shares some homology with bacterial Resistance,

Nodulation, Division (RND) family members that act as small-molecule pumps.

According to the current model, PTCH may function as a molecular pump to

change the concentration of molecules that regulate SMOH function.18

The seminal discovery that mutations in intraflagellar transport (IFT) proteins

affect HH/GLI signaling has greatly enhanced our current understanding of how,

and, particularly, where, HH/GLI signal transduction is centered and coordinated

in vertebrate cells. IFT proteins are components of the primary cilium, a solitary

organelle that, like an antenna, projects from the cell surface and serves as a

signal reception structure. IFT proteins regulate the transport of proteins within

the primary cilium. Many of the HH pathway components, including PTCH,

SMOH, and the GLI zinc finger transcription factors, are localized in the primary

cilium, and it appears that IFT proteins serve to bring together the respective HH

pathway components to allow signal transduction from the cell surface to the

nucleus19–22 (Figure 7–1). In fact, binding of HH protein to its receptor PTCH has

been shown to remove PTCH from the primary cilium, thereby allowing SMOH

to enter the cilium, where it is supposed to activate the GLI zinc finger tran-

scription factors that control gene expression, according to pathway activity.23,24

The entrance of SMOH into the cilium, and thus activation of HH signaling, can

be induced also by the administration of SMOH agonists such as Smoothened

agonist (SAG) or certain oxysterols (OS).24 Activation of the latent GLI zinc fin-

ger transcription factors GLI2 and GLI3 appears to involve at least two critical

steps: (1) prevention of the formation of C-terminally truncated GLI repressor
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Figure 7–1: Model of HH/GLI signaling with focus on the primary cilium as the organization and
coordination platform for signal transduction. GLI-R, GLI repressor form; GLI-A, GLI activator form;
SAG, Smoothened agonist; OS, oxysterols; IFT, intraflagellar transport proteins. In the absence of
HH ligand protein, PTCH represses SMOH and prevents its entry into the cilium. In this situation,
excess GLI-R is generated and HH target genes are shut off. Binding of HH to PTCH removes PTCH
from the cilium, thereby allowing SMOH to localize in the cilium and promote the formation of
GLI-A forms. GLI activator forms translocate to the nucleus to induce HH target gene expression.
Treatment of HH-responsive cells with SMOH agonists, such as SAG or OS, enhances the entry of
SMOH into the cilium and activates signal transduction in the absence of ligand, respectively.

forms and (2) release from the negative regulation by Suppressor of Fused (SUFU),

which directly interacts with GLI proteins to prevent their nuclear localiza-

tion.7,25–31 Despite some evidence that SMOH may couple and activate G pro-

teins,32 the details of how SMOH controls GLI activation in the primary cilium

are not well understood, and it is still under debate whether the level of GLI

proteins localized in the primary cilium is of sufficient physiological relevance.

As GLI proteins, SUFU, and SMOH are also located outside the primary cilium,

alternative cilia-independent mechanisms of signal transduction are conceivable,

which may yield cellular responses different from the cilia-dependent pathway.

The vertebrate GLI proteins GLI1, GLI2, and GLI3 belong to the Ci/Gli family of

zinc finger transcription factors. GLI proteins act at the distal end of the HH path-

way to control gene expression. Intriguingly, GLI3, and apparently also GLI2 –

but not GLI1, which has an activator function only and is mainly controlled

at the level of transcription – exert a dual function as transcriptional activa-

tor and repressor.30,33–35 In the absence of pathway activity, C-terminally trun-

cated GLI repressor forms (GLI-R) are generated by proteolytic cleavage, which

requires phosphorylation by the serine/threonine kinases Protein Kinase A (PKA),
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β
β

Figure 7–2: Positive and negative regulation of GLI protein activity. Negative regulators, such as
PKA, GSK3β, or CK1, promote the formation of GLI repressor forms (GLI-R), which shut off tran-
scription of HH target genes. Alternatively, βTrCP and Numb decrease the overall protein stability
by enhancing the degradation of GLI proteins via the proteasome. The mechanism of action of
positive regulators is less well understood. RAS and AKT may cooperate with GLI by increasing the
nuclear import of GLI-A forms, which is (refers to nuclear import) normally antagonized by SUFU.
Nuclear translocation of GLI-A results in the activation of HH target genes in response to pathway
activation.

Glycogen Synthase Kinase 3 beta (GSK3β), and Casein Kinase I (CKI).36–39 In addi-

tion to cytoplasmic sequestration of GLI by SUFU, the negative regulation of GLI

function also involves direct interactions with βTrCP and/or Numb, which target

GLI proteins to the proteosomal degradation machinery either to enhance GLI3

repressor formation or to generally reduce GLI protein stability29,40–42 (Figure

7–2). Pathway activation through binding of HH to PTCH allows SMOH to

become active, possibly by translocation to the primary cilium, thereby pro-

moting the formation of transcriptional activator forms of the GLIs (GLI-A).

Aside from ligand-induced pathway activation, GLI protein activity can be

stimulated also by interactions with other regulatory factors, including CBP,

MIM/BEG4, and Dyrk1/243–46 (for review, see Kasper and colleagues33). Further-

more, an increasing body of evidence suggests that activation of GLI proteins

can be promoted by pathways frequently activated in human cancers, including

phosphoinositide-3 kinase (PI3K)/AKT, RAS/MEK/Extracellular Signal-Regulated

Kinase (ERK), Protein Kinase C δ, and Transforming Growth Factor β/SMAD.47–53

These signals enhance GLI activity by affecting the stability, subcellular local-

ization, or expression of GLI proteins (reviewed in Riobo and colleagues54 and

Ruiz I Altaba and colleagues6) (Figure 7–2). Notably, HH/GLI and oncogenic

Ras synergistically interact in the development of advanced pancreatic can-

cer and in melanoma growth,53,55 and several recent studies have implicated
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Figure 7–3: Fine-tuning of cell fate by balancing the levels of GLI repressor and GLI activator
forms. In many situations, an increase of GLI-A levels is thought to induce proliferation, to activate
quiescent stem cells, and to contribute to the self-renewal of stem cells. Tissue homeostasis
is ensured by the reversible activation and inactivation of HH signaling and GLI-A and GLI-R
formation, respectively.

the Epidermal Growth Factor Receptor (EGFR) pathway in the modulation of

HH/GLI activity. EGF and Sonic HH synergistically promote neural stem cell pro-

liferation and invasive growth of keratinocytes.11,56,57 Our own data suggest that

EGFR signaling synergizes with GLI1 and GLI2 to regulate a subset of direct GLI

target genes via stimulation of RAS/RAF/MEK/ERK signaling, providing insight

into the molecular mechanism that may underlie the integration of these two key

oncogenic pathways. The potential pathophysiological relevance of the synergis-

tic interaction of HH/GLI and EGFR signaling has been suggested as combined

inhibition of HH/GLI and EGFR signaling efficiently decreases proliferation and

survival of prostate cancer cells in vitro.58

HEDGEHOG/GLI SIGNALING AND CANCER DEVELOPMENT

Aside from the control of pattern formation, specification, and cell differenti-

ation, HH/GLI plays a prominent role in the control of cell proliferation, sur-

vival, and stem cell renewal. In many settings, these processes are associated

with increased pathway activity and a high GLI-A to GLI-R ratio, respectively

(Figure 7–3). Given the crucial control function of HH/GLI signaling in tis-

sue growth, repair, and regeneration, it is obvious that a precise regulation of

pathway activation and termination is mandatory for the maintenance of tissue

homeostasis under normal healthy conditions. This is supported by a wealth of
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data showing that inappropriate pathway activation by either loss of repressor

function or persistent gain of pathway activator function is an etiologic factor in

many human malignancies.

The involvement of HH/GLI signaling in cancer development was first discov-

ered by the genetic analysis of Gorlin syndrome patients, who are predisposed

to an early onset of multiple basal cell carcinomas (BCCs), a common non-

melanoma skin cancer with low metastatic potential.59 Gorlin patients are also

at an increased risk of developing rhabdomyosarcoma and medulloblastoma,

a malignant tumor of the cerebellum.60–62 Gorlin syndrome is caused by hap-

loinsufficiency of the HH receptor and pathway repressor PTCH. Intriguingly,

hereditary as well as the majority of sporadic BCCs are characterized by loss of

heterozygosity of PTCH, and about 10% of sporadic BCCs display activating muta-

tions in the HH effector SMOH,63–66 suggesting that ligand-independent, consti-

tutive HH/GLI pathway activation accounts for the development of Gorlin-type

cancers. This has been validated by several transgenic mouse models that allow

constitutive activation of HH signaling in the epidermis, brain, or muscle.67–76

HH/GLI signaling has recently also been identified as a critical molecular signal

for the progression and maintenance of common malignant tumors with high

medical need such as melanoma, lung, pancreatic, breast, and prostate cancer.

As opposed to the ligand-independent Gorlin-type tumors, these tumor entities

are referred to as ligand-dependent as cancer cell growth depends on autocrine

or juxtacrine HH signaling.53,55,77–84 The wide spectrum of common and fatal

malignancies involving HH/GLI signaling suggests that selective pathway inhi-

bition has a high potential as efficient antitumor strategy. This is underlined

by several reports demonstrating that tumor load was dramatically reduced in

vivo when mice with HH-associated cancers were treated with specific pathway

inhibitors.53,85–87 Along the same line of evidence, the administration of pathway

antagonists to mice with xenografts of human lung, melanoma, glioma, pancre-

atic, or prostate cancer cells significantly slowed down tumor growth or, in some

settings, even eliminated the tumors.77,79,82,83,88,89 Notably, a first small clinical

study with topical administration of the HH pathway inhibitor cyclopamine to

BCC lesions rapidly induced tumor cell differentiation and apoptosis,90 though

results from this pilot study have to be validated in larger clinical trials.

HEDGEHOG/GLI SIGNALING IN STEM AND CANCER STEM CELLS

Seminal work on the identification and characterization of cancer stem cells,

a minute subpopulation of tumor cells with self-renewal and tumor-initiating

capacity, has significantly changed our current understanding of how malignant

growth is regulated and where tumors originate. A wealth of recent studies has

provided compelling evidence that cancer is likely to arise from stem cells or early

progenitor cells and that tumor growth and disease relapse are mainly driven by

cancer stem cells (reviewed in Ailles and Weissman,1 Clarke and Fuller,2 and

Wang and Dick3). This concept has raised hope that targeting the cancer stem



Hedgehog/GLI signaling in cancer 115

cell subpopulation may be a promising and significant step toward the cure of

cancer.91

Several embryonic signaling pathways, including the Wnt, Notch, and HH/GLI

cascades, have been implicated in stem and cancer stem cell activation and thus

represent prime molecular targets for drug-based cancer therapy.92 Under nor-

mal, healthy conditions, the HH/GLI pathway is highly active during embryonic

development, in which HH signaling controls numerous developmental pro-

cesses. By contrast, HH signaling in the adult organism is largely kept silent

and appears to be highly restricted to settings that involve regulation of stem

cell/precursor numbers or require activation of stem cells for tissue replenish-

ment, regeneration, and repair processes. For instance, quiescent neural stem

cells of the postnatal mammalian brain have been identified as targets of HH sig-

naling, which expands this population to continuously provide new neurons.8,11

Similarly, HH/GLI signaling controls the number of granule precursor cells of the

cerebellum and the proliferation and activation of hematopoietic stem cells.93–98

Furthermore, hormone-induced regeneration of rodent prostate tissue depends

on HH/GLI pathway activation,4,79 suggesting that putative prostate stem cells or

progenitors required HH signaling to regrow this organ, although this hypothesis

needs further study. There is also evidence for a stimulating function of HH/GLI

on stem cells of the hair follicle. Activation of the HH pathway using a SMOH

agonist has been shown to induce hair growth, possibly by activating stem cells

in the resting follicle.99 Of note, follicular stem cells have recently been shown

to express HH target genes during growth of the hair follicle.100

The regulatory role of HH/GLI in mammalian stem cells fits a cancer model

in which genetic or epigenetic changes in long-lived stem cells cause persistent

activation of HH/GLI signaling and aberrant expansion of early cancer stem cells.

Alternatively, such mutations may also reprogram early progenitor cells to acquire

characteristics of (cancer) stem cells (i.e., the ability to self-renew, to generate

different cell types, and to initiate tumor development). Both scenarios may be

associated with increased HH/GLI signaling and expansion of the cancer stem

cell pool. A larger pool of proliferative early precancer stem cells would be more

susceptible to the accumulation of additional oncogenic mutations that may then

transform the precancer stem cell into a malignant cancer stem cell (Figure 7–4).

Such a process may be accelerated by the synergistic interaction of HH/GLI and

other key oncogenic signals frequently activated in human cancers such as RAS,

AKT, IGF, or EGFR signaling.4,6

Experimental evidence for an etiological function of HH/GLI signaling in (can-

cer) stem cells has come from several studies of different cancer types. Medul-

loblastoma, an embryonal tumor of the central nervous system, is probably the

best studied example of a malignancy that may originate from stem or precursor

cells in response to persistent HH/GLI signaling. The stem cell origin of medul-

loblastoma is supported by the fact that the majority of cancer cells display

an undifferentiated stem cell/progenitor-like phenotype, with a few tumor cells

showing signs of differentiation into neuronal, glial, and other cell types.101,102

Activation of HH/GLI signaling has been implicated in the development of
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Figure 7–4: Model of cancer development and malignant growth through persistent and increas-
ing activation of HH/GLI signaling over time. According to the model, genetic or epigenetic alter-
ations in stem cells (light gray circles) induce persistent HH/GLI signaling that leads to proliferation
and expansion of precancer stem cells (dark gray circles). The accumulation of additional mutations
may activate oncogenes such as RAS or PI3K, which interact with HH/GLI signaling and further
increase the level of HH/GLI activity. Persistent high-level HH/GLI signaling eventually results in
the formation of metastatic cells (gray star symbols) and malignant tumor growth, respectively.
Also see Ruiz I Altaba and colleagues.6

medulloblastoma in humans and mice.69 During normal development, Sonic

hedgehog (Shh) is produced by Purkinje cells and regulates the proliferation of

precursor cells in the external germinal/granular layer (EGL) of the cerebellum.

This has led to the hypothesis that the cellular origin of medulloblastoma may

be an EGL precursor cell or even a stem cell with aberrant activation of HH/GLI

signaling due to genetic loss of HH pathway repressors such as PTCH, SUFU, or

REN(KCDT11).94,95,97,98,103,104 Evidence in support of a stem cell or precursor ori-

gin comes from studies using transgenic mice that allow conditional activation

of HH/GLI signaling either in the EGL or the stem cell niche of the cerebellum.

Persistent activation of HH/GLI in neural stem cells of the cerebellar ventricu-

lar zone led to stem cell expansion, yet nongranule neurons or glial cells were

unaffected by HH pathway activation. Only stem cell progeny that followed

the granule cell lineage proliferated rapidly and gave rise to tumors with 100%

penetrance, suggesting that medulloblastoma may be initiated in the stem cell.

Medulloblastoma formation, however, apparently requires preceding commit-

ment to the granule lineage.105–107 Intriguingly, the growth of medulloblastoma

can be inhibited efficiently by targeted interference with HH signaling. Also, the

treatment of medulloblastoma cancer cells with HH antagonists in vitro induced

molecular markers of differentiation, suggesting that HH/GLI signaling may not

only promote proliferation of cancer cells, but also keep them in an undifferen-

tiated precursor or cancer stem cell–like state.86,97,108

Glioblastoma, particularly glioblastoma multiforme, is a highly aggressive

brain tumor. Cancer stem cells have been identified in this tumor type, and

recent evidence has underlined the critical role of HH/GLI signaling in the
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self-renewal and tumor-initiating capacity of such cancer stem cells. Glioma

cancer stem cells display activated HH/GLI signaling at the level of SMOH or

further upstream.88,109,110 Consistent with the idea that HH/GLI controls stem

cell behavior via regulation of a stemness gene expression signature, interfering

with HH/GLI activity was rapidly followed by a decrease in expression of key stem

cell factors, including nanog, sox2, oct4, and nestin. Furthermore, inhibition of

HH signaling in human glioma xenografts significantly reduced tumor growth

and led to a prolonged survival of the recipient animals.88,110 Whether the thera-

peutic efficacy of HH pathway inhibition is due to targeting cancer stem cells is,

however, still unclear.

Support for the involvement of HH/GLI signaling in the maintenance of a cancer

stem cell niche in hematological malignancies has come from studies of multiple

myeloma (MM), a basically incurable cancer that arises from the clonal expansion

of neoplastic plasma cells. Putative MM cancer stem cells have been character-

ized as a small CD138neg subpopulation that shows self-renewal and high-level

HH/GLI signaling when compared to the CD138pos tumor mass.111 Selective

inhibition of HH signaling in putative MM cancer stem cells strongly reduced

clonal growth and induced differentiation, while leaving the malignant growth

properties of the CD138pos MM population relatively intact.112 Targeted inhibi-

tion of HH signaling may therefore be a promising therapeutic approach toward a

possible cure of MM by selectively interfering with MM cancer stem cells that are

likely to account for resistance to current therapy programs and disease relapse.

Another intriguing observation is that putative mammary stem/progenitor cells

express high levels of several HH pathway components, which are downregulated

on differentiation. HH pathway activation in mammosphere-forming stem cells

by GLI2 overexpression was shown to increase the number of putative mammary

stem/progenitor cells as well as the size of the stem cell–derived mammospheres.

The increase in stem/progenitor cells was dependent on GLI2-mediated induc-

tion of the polycomb factor Bmi-1, which is a key regulator of stem cell self-

renewal. Notably, tumor-initiating breast cancer stem cells, much like mammary

stem cells, express significantly elevated levels of HH/GLI pathway components

and high levels of Bmi-1 when compared to non–tumor-initiating breast cancer

cells,113 suggesting that HH/GLI is likely to be involved in the expansion and self-

renewal of breast cancer stem cells, possibly via activation of Bmi-1 expression.

Whether selective blockade of the HH/GLI signaling cascade is able to inhibit

breast tumor growth by affecting the cancer stem cell population still awaits

experimental validation.

This also applies to the involvement of HH/GLI signaling in putative prostate

and lung cancer stem cells. Although activation of the pathway has been impli-

cated in the regeneration of prostate tissue and repair of damaged lung epithe-

lium,79,83 a clear demonstration of a contribution of the HH/GLI pathway to the

activation and generation or expansion of stem and cancer stem cells, respec-

tively, is still missing.

One of the first cancers that could unambiguously be ascribed to persistent and

irreversible activation of HH/GLI signaling is BCC, a very common semimalignant
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nonmelanoma skin cancer. Support for a possible stem/progenitor cellular origin

of BCC was provided using a conditional mouse model of BCC development that

allows reversible activation of Gli2 expression in the epidermis and hair follicle –

including the stem cell niche.114 In this study, the authors could show that Gli-A

function (here Gli2) is sufficient, and also required, for BCC growth and main-

tenance. Notably, inactivation of transgenic Gli2 expression in fully established

Gli2-induced tumors led to rapid tumor regression, leaving residual tumors cells

that were able to generate multiple epidermal lineages. The multipotency of the

remaining tumor cells and their regrowth to tumors in response to Gli2-A reacti-

vation suggest a possible epidermal/hair follicle stem cell origin of BCC, at least in

this transgenic model. Whether human BCCs derive from follicular stem cells and

whether HH/GLI affects growth and survival of putative BCC cancer stem cells

is unclear at present, and it will be a challenging task to address these important

questions.

INHIBITION OF HEDGEHOG/GLI SIGNALING IN CANCER THERAPY

During the past decade, the power of genetic and molecular biology approaches

has revolutionized our current understanding of how cancers develop and how

molecular signals govern tumor initiation, growth, and metastasis. More recently,

it has become obvious that tumorigenesis frequently involves the redeployment

of key embryonic signal cascades such as the Wnt, Notch, and HH/GLI pathways.

The wealth of recent studies that have identified the HH/GLI signal as a critical

molecular cue for the growth and maintenance of a great variety of malignancies,

together with the emerging role of HH/GLI in cancer stem cell self-renewal,

proliferation, and survival, makes this pathway a prime target for drug-based

cancer therapy. Several strategies of how to inhibit HH/GLI signaling in ligand-

dependent and -independent cancers are outlined in Figure 7–5.

Numerous studies have shown that targeting the function of the seven-pass

transmembrane protein SMOH, which is absolutely required for HH signal trans-

duction,115,116 not only inhibits the activation of GLI-A forms in response to path-

way activation, but may also efficiently halt or slow down the malignant growth

of many HH-dependent cancer cells in vitro and in vivo (reviewed in Rubin and

De Sauvage,5 Lauth and Toftgard,117 Ruiz I Altaba and colleagues,118 and Xie119).

The best documented antagonist of SMOH function is a naturally occurring plant

steroidal alkaloid known as cyclopamine. Although the detailed molecular mech-

anism of HH pathway inhibition by cyclopamine is not completely understood

at present, it has been shown that cyclopamine directly binds to the heptahelical

bundle of SMOH, which is likely to promote the formation of inactive SMOH pro-

tein forms, possibly via induction of conformational changes.120,121 Such changes

may prevent SMOH from localizing to the primary cilium and thus inhibit sig-

nal transduction.122 Several screens for SMOH antagonists have been performed,

and distinct small-molecule compounds were identified that bind to SMOH and

may act via the same or a similar mechanism as cyclopamine.5,123–125 Some of
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Figure 7–5: Genetic background of HH ligand-independent and HH ligand-dependent tumors and
their therapeutic molecular drug targets. Gorlin-type cancers, such as BCC, medulloblastoma, or
rhabdomyosarcoma (RMS), display genetic loss of PTCH or SUFU function or constitutive mutational
activation of SMOH. HH ligand-dependent tumors are characterized by persistent high-level HH
protein expression and constitutive autocrine pathway activation. Both HH cancer classes have
in common high levels of GLI-A proteins (i.e., GLI2 and/or GLI1). Targeted inhibition of the HH
pathway involves the use of ligand-neutralizing antibodies, the administration of selective SMOH
antagonists such as cyclopamine, or treatment with compounds that efficiently inhibit the activity
of GLI-A forms.

these compounds are currently being tested in clinical trials for their potency and

usability as cancer drugs.

Another therapeutic route to selectively block pathway activation is the admin-

istration of neutralizing antibodies that bind HH protein with high affinity,

thereby interfering with the binding of HH protein to its receptor PTCH.77,83

Antibody-based approaches have proven very powerful weapons in cancer ther-

apy. However, the use of HH-neutralizing antibodies would be limited to ligand-

dependent tumors only, while ligand-independent cancers would be resistant to

such treatment regimens.

The GLI transcription factors exert a critical function in response to pathway

activation. GLI1 and GLI2 are considered oncogenes as their hyperactivation in

response to persistent HH pathway activation drives cancer development and

growth via induction of genes involved in proliferation, survival, stemness, and

metastasis.33,126–129 Selective inhibition of GLI transcription factors must there-

fore be considered a powerful and comprehensive strategy to antagonize HH

signaling in virtually all HH-dependent tumors. In a medium-sized screen for

GLI antagonists, Lauth and Toftgard117 identified two compounds that selec-

tively interfere with GLI function and HH-driven tumor development. The mode

of action of at least one of the GLI antagonists (GANT) appears to be to disrupt
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or prevent binding of the GLI proteins to their target DNA sequence in promot-

ers of target genes.117 In addition, several naturally occurring compounds that

antagonize GLI activator forms have been identified and shown to be cytotoxic

to pancreatic cancer cell lines expressing HH/GLI components.130

As HH/GLI can cooperatively interact with other key oncogenic pathways,

including EGFR, MEK/ERK, or PI3K signaling, the combined inhibition of these

signals may be a highly efficient therapeutic approach. In support of this, simul-

taneous inhibition of EGFR and HH/GLI signaling led to synergistic reduction of

prostate cancer cell viability. Similarly, concomitant interference with HH/GLI

and MEK/ERK or PI3K function was shown to cooperatively decrease proliferation

of melanoma cell lines in vitro.53,58,131 More relevant in vivo studies are required

to assess whether such combined approaches can hold promise for clinical

applications.

Although the status of hedgehog research in the cancer field and its clinical

application are still at an early stage, the ever-growing list of publications on

the role of HH/GLI in malignant growth in general, and in cancer stem cells in

particular, makes this signaling pathway a paradigm for how basic research on

embryonic development, which started with the discovery of the fly hedgehog

gene, can deepen our understanding of cancer and translate into the development

of potential targeted therapies that may help cure this fatal disease.
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NOTCH SIGNALING IN CANCER STEM CELLS

Stem cells are characterized by two unique properties: self-renewal and multilin-

eage differentiation potential. Self-renewal provides the cell with the ability to

go through numerous cycles of cell division, while maintaining a stem cell pop-

ulation through asymmetric cell division. For each division, a stem cell divides

into two cells: another stem cell and a progenitor cell. It is thought that the stem

cell retains the stem cell characteristics, while the progenitor cell can differenti-

ate into tissue-specific cells within a limited number of cell divisions. Embryonic

stem cells are active during embryonic differentiation and develop into all of the

tissues in the body. Adult stem cells can be found in differentiated tissues and

can differentiate into the entirety of cell types in the tissue from which they

128
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originate. Normal stem cells are transformed into cancer stem cells by acquir-

ing somatic mutations in oncogenes or tumor suppressor genes.1 Cancer stem

cells share stem cell properties with embryonic stem cells such as self-renewal

and differentiation potential.2 Evidence suggests that many cancers, including

leukemia, breast cancer, and glioma, contain a rare population of cells that are

highly tumorigenic, in contrast to the bulk of cancer cells that have a limited

capacity to form tumors in vivo. Cancer stem cells proliferate slowly, have indef-

inite self-replication ability, and are highly resistant to chemotherapy. Although

conventional chemotherapy may eradicate the majority of cancer cells, cancer

stem cells are largely spared and may go on to accumulate additional somatic

mutations, eventually giving rise to recurrences and metastases. On the basis of

this cancer stem cell theory, therapeutic strategies that specifically target path-

ways for cell renewal and cell fate decision in cancer stem cells could potentially

increase the efficacy of current cancer treatment and reduce the risk of relapse

and metastasis. Cancer stem cells isolated as a dye-excluding side population

from numerous cancer cell lines express high levels of Notch receptors.3,4 Con-

sequently, Notch signaling is considered one of the most attractive targets for

developing therapeutics directed at cancer stem cells.

NOTCH SIGNALING PATHWAY

The Notch signaling pathway is evolutionarily highly conserved and mediates

intercellular signaling.5 Notch signaling controls cell fate decision and patterned

differentiation in numerous developmental processes. The Notch transmem-

brane receptors are activated by cell surface ligands DSL (Delta/Serrate/Lag2)

and mediate direct cell–cell communication. Notch receptors are large, single-

pass, type I transmembrane proteins. Four members, Notch1, 2, 3, and 4, have

been identified in mammals. Notch receptor is synthesized as a single precur-

sor protein but is cleaved by a furin-like protease at a juxtamembrane site (S1

cleavage) within the Golgi apparatus to create a heterodimer. Notch heterodimer

consists of noncovalently associated extracellular and transmembrane subunits

located at the plasma membrane.6–8 The extracellular subunit contains a variable

number of EGF-like repeats that are critical for ligand binding9,10 and a jux-

tamembrane negative regulatory region (NRR) consisting of three LIN12/Notch

repeats (LNR1–3) and a heterodimerization domain (HD1 or HD-N). The trans-

membrane subunit contains a small stretch of extracellular heterodimerization

domain (HD2 or HD-C), a single-pass transmembrane domain, and an intracel-

lular region that contains ankyrin repeats11 involved in signal transduction.12

In addition, this intracellular region contains nuclear localization signals (NLS)

and a transactivation domain (TAD), followed by a PEST region rich in Proline,

Glutamate, Serine, and Threonine residues that is involved in protein degradation

(Figure 8–1).

In mammals, five Notch ligands have been identified: two Jagged (JAG1 and

JAG2) and three Delta-like (Dll1, Dll3, and Dll4). All five ligands share a conserved
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Figure 8–1: Diagram of Notch receptor. All Notch receptors consist of two subunits on the cell
surface. RAM, CSL-interacting domain; ANK, ankyrin repeats; TAD, trans-activating domain; Pro-
Glu-Ser-Thr (PEST), degradation motif. See color plates.

N-terminal DSL motif essential for binding to Notch receptor. Binding of DSL

ligand to the N-terminal EGF-repeat region of the Notch extracellular subunit

initiates a conformational change in the Notch receptor and triggers two sequen-

tial cleavages within the transmembrane subunit that are catalyzed by tumor

necrosis factor-α converting enzyme (TACE) (S2 cleavage) at the extracellular

surface, and by γ-secretase (S3 cleavage) at the intramembrane region. The lat-

ter cleavage releases Notch intracellular cytoplasmic domain (NICD) from the

plasma membrane. NICD then shuttles into the nucleus, where it interacts with

DNA-binding factors CSL (CBF1/Suppressor of Hairless /Lag1). In the absence

of NICD, CSL acts as a repressor through interaction with corepressors and his-

tone deacetylase.13 Interaction of NICD and CSL disrupts the repressor complex

and recruits coactivators, including mastermind-like 1 (MAML1) and histone

acetyltransferase, which act in concert to activate Notch target gene expression

(Figure 8–2).
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Figure 8–2: Notch pathway elements. The Notch ligands have a large extracellular region com-
posed of a DSL domain and a series of EGF-like repeats. The Notch receptor is expressed on
the plasma membrane as a heterodimer, which is generated during its translocation from the
cytoplasm to the membrane by cleavage of the precursor protein by the convertase furin, and is
glycosylated by Fringe. Upon ligand binding, Notch undergoes two consecutive cleavage steps:
one by the protease TACE and one by a γ-secretase that results in the release of NICD and
its nuclear translocation. NICD interacts with the transcription factor CSL, dissociating CSL from
corepressor molecules (CoR) and recruiting coactivators (CoA) such as mastermind and histone
acetyl transferase, giving rise to a transcription activation complex. Potential steps for therapeutic
targeting of Notch signaling include receptor/ligand interaction, S1–S3 cleavages, transcription
regulation, and protein degradation. See color plates.
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Recent studies have demonstrated that the NRR maintains the “off” state of

Notch receptors prior to ligand-induced activation. In human T-ALL, somatic

mutations were frequently found in HD1 and HD2 domains of the NRR region.

These mutations caused ligand-independent S2 cleavage and subsequent S3 cleav-

age, ultimately releasing NICD. Somatic mutations in the PEST domain that

caused a premature stop, and thus resulted in deletion of the PEST domain,

were also identified in T-ALL. Loss of the PEST domain results in increased NICD

levels due to decreased proteasomal degradation.

NOTCH SIGNALING AS A CANCER THERAPEUTIC TARGET

Notch signaling plays an important role in cell fate decision and cell renewal.

Deregulated expression of Notch receptors, ligands, and target genes has been

found in a wide variety of hematological malignancies and solid tumors, includ-

ing breast, ovarian, cervical, lung, head and neck, pancreas, and medulloblas-

toma. Therefore Notch inhibition may represent a promising treatment for can-

cer. In addition to the oncogenic potential, the Dll/Notch pathway is clearly

required for cardiovascular development and is involved in angiogenesis. For

example, genetic deletions of several Notch ligands, receptors, and downstream

target genes cause vascular defects. Of note, Notch ligands, especially Dll4, were

found to be strongly expressed in tumor endothelial cells, and inhibition of Dll4

has been shown to be a potential antitumor therapeutic strategy.

The main pharmacological strategies for targeting components of the Notch

signaling pathway include blockage of receptor/ligand interactions and inhibi-

tion of the release of NICD. For example, (1) small compounds employed as

inhibitors have been shown to prevent S1, S2, or S3 enzymatic cleavages, which

are essential steps for activation of Notch signaling; (2) recombinant ligand pro-

teins have been developed that act as competitive inhibitors for receptor binding;

and (3) monoclonal antibodies have been developed to block activation of Notch

receptor signaling. Potential strategies for future Notch-based targeted therapy

include suppressing the protein levels of Notch components as well as inhibiting

CSL/Notch transcription (Figure 8–2). In the following, we will briefly discuss the

therapeutic perspectives of each strategy.

Blocking proteolytic cleavage events

Because the activation of Notch signaling involves three proteolytic cleavages of

Notch receptor, blocking the enzyme responsible for each cleavage event may

suppress the generation of NICD and thus block Notch signaling.

Blockade of S1 cleavage

Furin belongs to the family of pro-protein convertases that process precursor

proteins into biologically active products.14 Furin cleaves full-length Notch in

the trans-Golgi network, which generates the mature heterodimeric cell surface

receptor.6,7 An inhibitor of furin proteases, AT-EK1, was found to inhibit the
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generation of mature heterodimer.15 AT-EK1 treatment was also found to decrease

the level of CSL-luciferase reporter activity in a dose-dependent manner, indicat-

ing that the formation of a mature heterodimer is required for Notch signaling.15

Blockade of S2 cleavage

TACE is a protease in ADAM (A disintegrin and metalloprotease) protease fam-

ily that is involved in the S2 cleavage of Notch receptor. It is thought that

ligand binding to Notch receptor induces TACE cleavages, which remove the

extracellular domain of the transmembrane subunit of Notch receptor. TACE

inhibitors have been developed previously. For example, BB3103 was found to

inhibit ligand-induced activation of a CSL-responsive-reporter construct.16

Blockade of S3 cleavage

The most well-known small compound inhibitors of the Notch signaling pathway

belong to the γ-secretase inhibitors (GSI), which block the S3 cleavage and inhibit

the release of the intracellular domain of Notch.17 Gamma-secretase is a large,

integral membrane protease complex that includes a catalytic subunit and acces-

sory subunits. The gamma-secretase complex catalyzes the intramembranous pro-

teolysis of several membrane proteins, among which the Notch receptors and the

beta-amyloid precursor peptide are of paramount therapeutic relevance. Promis-

ing results have been shown in in vitro and in vivo models. For example, in APC

mutant mice, GSI treatment reduced expression of the Notch target gene Hes1

and converted proliferative adenoma cells into mucus-secreting goblet cells.18

In a Kaposi’s sarcoma (KS) mouse model, intratumoral injection of GSI inhibited

tumor growth via decreasing proliferation and increasing apoptosis.19 Accumulat-

ing preclinical evidence has led to the opening of phase I/phase II dose escalation

clinical trials of a GSI in relapsed or refractory T-ALL and breast cancer patients.

GSI is relatively easy and inexpensive to produce. However, GSI treatment also

causes widespread side effects, including severe diarrhea.20 The major drawback

of GSI is its nonspecificity, as it targets many membrane proteins, including

Notch receptors and ligands, Erb4, syndecan, and CD44. Although decreasing

the GSI dose can ameliorate diarrhea, GSI treatment is always associated with

chronic side effects. Thus short-term treatment is preferable, and benefits ver-

sus side effects should be evaluated carefully for each patient in future clinical

trials.

Blocking receptor/ligand interaction

Recombinant Notch extracellular domain protein

The Notch extracellular domain is composed of 29–36 EGF-like repeats, and a

recombinant protein containing as few as two of these modules is able to interact

with Notch ligands and acts as a competitive inhibitor for binding to the full-

length Notch.21 Treatment of adipocytes with recombinant protein containing

EGF-like repeats 11 and 12 has been shown to block their differentiation,21 as

expected based on the known role of Notch signaling in cell fate determination

of mammalian cells.
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Neutralizing DLL ligands

A soluble form of the extracellular domain of Dll4 (D4ECD) was found to effi-

ciently block the Dll4/Notch pathway. Interestingly, D4ECD increased vascular

density, but the blood vessels were poorly functional, thereby accounting for

the delay in tumor growth.22 When D4ECD was overexpressed in tumor cells, it

served as a soluble inhibitor of Dll4/Notch signaling.22 When these transgenic-

tumor cells were implanted into mice, the secreted soluble D4ECD reduced Notch

signaling in the host and affected vascular morphologies as well as tumor growth

rates. Increased vascular density with dramatic vessel sprouting and branching,

which led to induced hypoxia and necrosis in the tumor, was observed in the

D4ECD-expressing group.22,23

Neutralizing anti-Dll4 antibody

Neutralizing antibodies that bind to the Notch ligand or Notch receptor have

been shown to be effective in inhibiting Notch signaling. A Dll4-neutralizing

antibody was found to block the Dll4/Notch pathway.24 Pro-angiogenesis and

antitumor phenotypes were observed in tumors treated with the neutralizing

anti-Dll4 antibody, similar to the Dll4-neutralizing ligand D4ECD mentioned in

the previous section. Vascular targeting therapy using anti–Vascular endothelial

growth factor (VEGF) can become ineffective, possibly as a consequence of the

ability of tumors to adapt and become resistant to the treatment. On the other

hand, Dll4-neutralizing antibody treatment can block the growth of tumors that

are resistant to anti-VEGF.24 Therefore Dll4-neutralizing antibody treatment pro-

vides an alternative option for delaying tumor growth when used in combination

with anti-VEGF treatment.

Anti-Notch antibody

Monoclonal antibodies that inhibit proteolytic cleavages in Notch3 receptor have

recently been developed.25 Epitope mapping reveals that those inhibitory anti-

bodies bind to two domains in the NRR, including LNR1 and HD2, suggesting

that they clamp LNR1 and HD2 together to suppress the S2 cleavage. This find-

ing supports the view that the NRR is important for autoinhibitory regulation.26

Interestingly, stimulatory antibodies were also identified, and they were found

to bind to linear epitope in LNR1 or HD2 of the NRR.25 Therefore it would be

interesting to analyze the conformational alteration that reveals the S2 cleavage

site upon ligand stimulation and to develop strategies to either block or stimulate

this process. It can be envisioned that in the future, antibodies that can mod-

ulate Notch activity are likely to have significant experimental and therapeutic

potential.

Suppressing Notch protein expression

Ubiquitination controls Notch protein expression

Several distinct classes of E3 ubiquitin ligases appear to directly regulate the pro-

tein levels of Notch receptor. In mammals, the E3 ubiquitin ligase Itch has been
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shown to ubiquitinate membrane-tethered Notch1.27 Furthermore, Sel10, an

F-box/WD40 repeat-containing protein that interacts with an SCF ubiquitin ligase

complex, also functions as a negative regulator in the Notch signaling pathway28

by minimizing the half-life of NICD through ubiquitination.29,30 Genetic study

of Drosophila has demonstrated that Numb is a negative regulator of the Notch

signaling pathway.31 The study suggested that Numb recruits components of

the ubiquitination machinery to the Notch receptor, thereby facilitating Notch1

ubiquitination at the membrane, which in turn promotes degradation of the

Notch intracellular domain. Immunohistochemical analysis showed that Numb

expression was lost in about 50% of human breast cancers32 and that Numb

silencing increased Notch signaling in Numb-positive breast tumors.32 Under-

standing the negative regulation of Notch signaling seems likely to facilitate the

development of future Notch-based novel therapies.

RNA interference against components of Notch signaling

Because of promising results obtained from in vitro studies, RNA interference

(RNAi) against components of the Notch signaling pathway, including both

receptor and ligand, is thought to hold promise as a future novel therapy.33–35

The advantage of the RNAi strategy is that the molecules can be designed easily

and the cost is relatively low. However, clinical use of RNAi therapy is likely a

long way off because there are several challenges to overcome. These include

how to achieve efficient delivery of RNAi into the appropriate tissue and how

to increase the stability of RNAi. In addition, there is the possibility that excess

RNAi will cause untoward immune response in the host.36,37 Therefore there is a

lot to be learned on the road to developing RNAi therapy.

Inhibiting the action of NICD

NICD is responsible for triggering transcription of Notch downstream genes by

forming the NICD–CSL complex and recruiting coactivators such as MAML1.

Therefore strategies to interrupt the formation of the NICD–CSL complex or to

block the recruitment of coactivators can potentially suppress the expression of

downstream target genes.

Dominant-negative MAML1

The MAML1 binding site on NICD is essential for the transcriptional activation

of Notch signaling.38,39 Truncated forms of MAML1 that retain affinity for NICD,

but lack the activator domain, competitively inhibit the recruitment of wild-type

MAML1 to the NICD–CSL complex. Blocking Notch signaling by this dominant

negative MAML1 suppressed primary melanoma cell growth both in vitro and

in vivo.40 Dominant-negative MAML1 peptide (62-amino-acid peptide) formed

a transcriptionally inactive nuclear complex with NICD and CSL and inhibited

the growth of both murine and human Notch1-transformed T-ALLs.41 There-

fore blocking the formation of a functional NICD coactivator complex can be a

potential strategy for chemotherapeutic intervention.
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CONCLUSION

In the past few years, evidence has accumulated that supports the cancer stem

cell theory, which suggests that targeting cancer stem cells may provide a new

strategy to treat human cancer. However, developing strategies to selectively

inactivate or eradicate cancer stem cells appears to be challenging because Notch

signaling pathways are shared by both cancer stem cells and normal stem cells.

A variety of recent studies using antagonists that target these pathways suggests

that it may be feasible to selectively target the cancer stem cell population. For

example, Notch signaling is required for the differentiation and proliferation of

cancer stem cells but is not required for the maintenance of blood-forming stem

cells.42 Exciting new findings concerning the involvement of Notch signaling in

cancer stem cells have placed this signal transduction pathway in the focus of

therapeutic target development in cancer treatment. However, our understanding

of Notch signaling in specific cell types and diseases still remains unclear. Very

little is known about the functional relationship between each Notch ligand and

its Notch receptor in specific tissue microenvironments, or about the different

downstream targets of each Notch receptor. Because many conundrums regarding

the role of Notch signaling in both normal and cancer stem cells remain, Notch

signaling and the development of strategies for the clinical targeting of the Notch

pathway deserve further study.
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The notion that the growth and so-called aberrant differentiation of many tumors

depend on the existence of a small population of cancer stem cells in much the

same way that organogenesis and tissue replacement depend on normal stem

cells is at the heart of contemporary investigations of neoplastic diseases. Not

surprisingly, the same genetic and signaling pathways that are involved in normal

stem cell renewal and specification are also important in tumorigenesis. These

pathways include the Wnt/β-catenin, Notch, and TGF-β signaling systems, all

of which have been reviewed recently.1–5 In this chapter, we will highlight areas

that are either developing or have not been covered extensively in other reviews.

For example, recent studies have highlighted a role for the RNA binding protein

Musashi 1 (Msi1) in the regulation of normal and cancer stem cells through the

Wnt and Notch pathways.6,7

Notch and Wnt signaling also regulate and are regulated by asymmetric cell

division, a defining stem cell characteristic that has received little attention in the

cancer stem cell literature.8–10 Asymmetric cell division, which results in the seg-

regation of damaged proteins into only one of the daughter cells, has also recently

been linked to stem cell aging, a process that clearly differs between normal and

cancer stem cells. The ability of carcinoma cells to take on characteristics typical

139
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of cells from quite different backgrounds is well established and almost certainly

related to a pluripotent stem cell–like origin. Perhaps the best example of this

is the ability of carcinoma cells to acquire the molecular and phenotypic hall-

marks of migratory and invasive mesenchymal cells.11,12 Melanomas and several

other tumor cells can also take on the genotypic and phenotypic characteristics

of blood vessels, called vascular mimicry, which can also be induced by differ-

entiating agents such as vitamin A.13–16 This latter observation indicates that,

although such agents might inhibit proliferation of a subpopulation of tumor

cells, they might stimulate the transdifferentiation of another subpopulation

(cancer stem cells). These data raise the interesting question of why particular

lineage-determining genes, but not others, have the potential to become acti-

vated during tumor progression. A recent study demonstrates that differential his-

tone methylation identifies a set of lineage-specific genes that are transcription-

ally poised (but not expressed) in multipotential hematopoietic stem/progenitor

cells, which have the potential to become activated during the process of termi-

nal differentiation.17 These data broaden the scope of our discussion to include

differentiating agents and epigenetic regulation of cancer stem cell activity.

TGF-β FAMILY

The TGF-β family contains about 30 structurally related growth and differentia-

tion factors that include TGF-βs, activins, Nodal, and bone morphogenic proteins

(BMPs). TGF-β family signals are conveyed through two types (type I and type II)

of transmembrane receptor serine–threonine kinases, which together form a

tetrameric receptor complex at the cell surface.18 Ligand binding to this com-

plex induces a conformational change that induces phosphorylation and acti-

vation of type I by type II receptors. Activation of Smad transcription factors

results in their nuclear translocation and subsequent Smad-mediated activation

or repression of gene expression. The Smad activation and activity are modulated

by a variety of receptor- or Smad-interacting proteins that include ubiquitin and

small ubiquitin-like modifier ligases as well as multiple proteins in the transcrip-

tion complexes. Depending on the differentiation stage of the target cell, the

local environment, and the identity and dosage of the ligand, TGF-β proteins

promote or inhibit cell proliferation, apoptosis, and differentiation. The diverse

and often seemingly contradictory TGF-β functions can be understood by gene

dosage, cross-talk of TGF-β family signaling through Smads with other signaling

pathways such as Wnt and Hedgehog signaling and receptor tyrosine kinase sig-

naling, and interactions of Smads with a multitude of DNA binding transcription

factors, which themselves are targeted by signaling pathways.18,19

TGF-β family signaling in embryonic stem (ES) cells

Although human and mouse ES cells show substantial differences in their require-

ments, TGF-β family proteins play a role in both the maintenance of the cells in
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their undifferentiated state and in the selection and initiation of differentiation.

Nodal or activin, two TGF-β–related proteins that share the same receptors and

Smads, are thought to naturally play a role in human ES cell maintenance because

their receptors are expressed and their Smads are activated in undifferentiated

ES cells. The activated Smad pathway downstream from these ligands is thus

likely to cooperate with Wnt signaling in keeping the ES cells undifferentiated

and pluripotent. BMP signals, in cooperation with lymphocyte inhibitory factor,

a member of the IL-6 cytokine family, have also been shown to be required for

keeping mouse ES cells undifferentiated. Apparently, BMPs maintain the ES cells

undifferentiated through activation of BMP Smads, which, in turn, activate Id

transcription factors, a small class of basic helix-loop-helix (bHLH) transcription

factors that act as inhibitors of differentiation. Id proteins, in turn, insulate the

cell from lineage priming by complementing gp130/STAT3 activity.

TGF-β family signals mediate key decisions that specify germ layer differentia-

tion. Thus activin induces ventral or dorsal mesoderm and endoderm in Xenopus

explants, depending on the dosage. In mammals, this signaling pathway is pre-

sumably activated by Nodal or related factors that activate the same pathway as

activin, thus giving rise to mesoderm and endoderm. Conversely, inhibition of

both activin/TGF-β and BMP signaling gives rise to neuroectoderm formation in

Xenopus, while the absence of these factors also allows neuroectoderm formation

from mouse ES cells in culture. Activin or TGF-β also induces mesoderm differen-

tiation, whereas BMP signals confer ectodermal and mesodermal differentiation

of human ES cells. Activin signaling also leads ES cells to differentiate into endo-

derm. Thus TGF-β family signaling or the absence of TGF-β family signaling is a

determinant of both maintenance and initial specification of ES cells and of the

primary cell fate decision in early embryogenesis that will give rise to multiple

cell lineages and cell fates.

Several recent reports suggest functional interactions between TGF-β/Smad and

Notch signaling in various tissues, based on hierarchical activation of one path-

way by the other or by coordinate regulation of common target genes. A subset

of the family of classical Notch target genes, bHLH transcriptional repressors of

the hairy/enhancer-of-split-related (H/Espl) family, including HEY1, HEY2, HES1,

and HES5, and the Notch ligand JAGGED1 are induced by TGF-β at the onset

of epithelial–mesenchymal transformation (EMT) in a panel of epithelial cells

from mammary gland, kidney tubules, and epidermis.20 TGF-β–induced EMT

is prevented by silencing of HEY1 or Jagged1 and by chemical inactivation of

Notch. These findings suggest the functional integration of TGF-β/Smad3 and

Jagged1/Notch signaling in EMT.20 Interestingly, LEF1, the downstream target of

WNT/β-catenin signaling, is activated by TGF-β3 in a β-catenin–independent,

Smad-dependent process, during EMT underlying the process of palatal fusion.21

Ectopic expression of LEF1 in the presence of stabilized nuclear β-catenin can

also induce EMT directly22; however, the role of TGF-β signaling in this process,

if anything, remains unclear.
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TGF-β family members in neural stem cells

Neural differentiation from uncommitted ES cells is thought to occur in the

absence of exogenous TGF-β family factors, yet is also regulated by other

inhibitory factors and cell adhesion proteins.23,24 Thus BMPs inhibit neural dif-

ferentiation and promote epidermal differentiation in Xenopus embryo explants

and inhibit neural differentiation of ES cells, yet a gradient of BMP signaling

defines the dorsoventral patterning of the neural tube.25 BMPs inhibit embry-

onic day 13 ventricular zone progenitor cells but enhance astroglial and neu-

ral crest cell differentiation at day 16, at higher doses, inducing apoptosis.26–28

Intriguingly, BMP-2 suppresses Sonic hedgehog (Shh)-induced proliferation of

medulloblastoma granule precursor cells, displaying a tumor suppressive role.

Additionally, loss of function of Nodal or cripto, a functional Nodal receptor

complex, also enhances neurogenesis, whereas addition of Nodal suppresses neu-

ral differentiation.29,30 Thus TGF-β family signals, irrespective of which Smad

pathway is activated, act to prevent initiation of neural lineage selection.31,32

Later in development, TGF-β promotes differentiation and lineage expansion

of established progenitors, for example, by inducing autonomic gangliogene-

sis or olfactory neuron proliferation.33 The intricate orchestration of neuronal

development by various components of the TGF-β pathway is exemplified in

the decrease of cerebellar Purkinje cells in Smad4−/− mice and a proliferation

of precursor cells in the developing cortex of mice lacking the Smad adaptor

protein ELF.34,35 Recent evidence suggests that once a precursor lineage is estab-

lished, TGF-β signaling accelerates the differentiation and lineage commitment

of precursor cells that can accumulate in its absence. Once cells are fully dif-

ferentiated, TGF-β inhibits growth of glial cells, setting the stage for malignant

transformation into gliomas, when the growth inhibitory response to TGF-β

is somehow inactivated. Thus, when the delicate control of normal develop-

ment by TGF-β family factors is disrupted, tumors may ensue. In gliomas, TGF-β

stimulates tumor progression and invasiveness, concomitantly with the angio-

genic and immunomodulating activities of increased TGF-β expression by these

cells.36,37

TGF-β signaling in hematopoietic stem cells

TGF-β family proteins and their downstream signaling effectors, the Smads, also

play key roles in hematopoietic differentiation.38,39 TGF-β itself inhibits the pro-

liferation of early multipotent hematopoietic stem cells, but not of later pro-

genitors. The effects of TGF-β on more mature progenitor cells are complex and

depend on the presence of other growth factors.40 In contrast to TGF-β, BMPs,

in combination with cytokines, promote hematopoietic specification, differen-

tiation, and proliferation of human ES cells.41 While TGF-β acts as a negative

regulator of hematopoietic progenitor and stem cells in vitro, impaired TGF-β

signaling in vivo does not affect hematopoietic lineage selection.40 Indeed, the

absence of a functional type I TGF-β receptor allows for normal development
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of hematopoietic progenitors and functional hematopoiesis in mouse embryos,

even though they die at midgestation, with severe defects in vascular develop-

ment of the yolk sac and placenta and an absence of circulating red blood cells.42

Conversely, the absence of Smad5, an effector of BMP signaling and, as more

recently appreciated, of TGF-β signaling, enhances the efficiency of hematopoi-

etic progenitor cell generation in embryoid bodies derived from ES cells,43 further

supporting the notion that TGF-β accelerates the differentiation and proliferation

of committed precursors. Signaling by TGF-β family proteins through Smads also

regulates cell fate commitment decisions of myeloid versus lymphoid precursors,

as illustrated by enhanced myeloid differentiation at the expense of lymphoid

commitment, when Smad7, which inhibits Smad activation, is overexpressed.44

To add to the complexity, the activation of feedback loops by TGF-β family sig-

naling further defines the regulation of hematopoietic stem cell differentiation.

For example, BMPs activate the expression of the homeobox transcription factor

Dlx1, which, in turn, blocks activin-induced differentiation of a hematopoietic

cell line by interacting with Smad4 through its homeodomain.45

TGF-β signals in gastrointestinal tissues and cancers

Nowhere is the role of TGF-β family signaling at the interface between develop-

ment and cancer more prominent than in gut epithelial cells.46–49 Several TGF-β

signaling components are bona fide tumor suppressors, with the ability to con-

strain cell growth and inhibit cancer development at its early stages. Inactivation

of at least one of these components (such as the TGF-β receptors Smad2 or Smad4)

occurs in almost all gastrointestinal tumors.48,49 In the colon, stem cells are found

at the bases of crypts between the villi. With continuing cell differentiation from

this stem cell region, often referred to as a niche, the differentiating cells move

upward to the tip of the villi, where they undergo apoptosis.58 TGF-β signaling

mediators, such as the type II TGF-β receptor Smad4 and the Smad adaptor ELF,

are all expressed in the crypts, suggesting an active role for TGF-β signaling in

the stem cell compartment. As cells acquire a malignant phenotype and cancer

progresses from adenoma to metastatic cancer, expression of these proteins is suc-

cessively lost, indicating their role in tumor suppression. Inactivation of at least

one of these components, such as the type II TGF-β receptor Smad2 or Smad4,

occurs in almost all gastrointestinal tumors.51 Mouse experiments further illus-

trate the role of TGF-β signaling effectors in the suppression of gastrointestinal

carcinoma development. For example, Smad4+/− mice develop gastric tumors,

and intercrossing of the Smad4+/− genotype into mice with a mutation in the

adenomatous polyposis coli tumor suppressor APC�716 results in the develop-

ment of larger and more invasive colorectal tumors than in the presence of the

two Smad4 alleles.52 These findings are consistent with the role of Smad4 in nor-

mal gut endoderm development. Defects in gastrointestinal epithelial cell shape

and polarity are also seen in Smad2+/− and Smad3+/− double heterozygous and

elf −/− homozygous mice, further arguing for a role of TGF-β signaling in nor-

mal gastrointestinal epithelial development.53 Interestingly, many aspects of the
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elfβ-spectrin phenotype are alike to those of the Drosophila β-spectrin,34 which

is, in turn, reminiscent of the labial phenotype, particularly in the gut. Control

of the homeotic gene labial is dependent on activation by extracellular gradi-

ents of wingless and decapentaplegic (the Drosphila homologue of TGF-β) during

embryogenesis.34,54

BMP signaling may also play an active role in the stem cell compartments of the

colon, presumably by suppressing the effects of Wnt signaling and, consequently,

limiting stem cell renewal. Consistent with this notion, mutations in the BMP

receptor BMPR1A and in Smad4 contribute to juvenile intestinal polyposis and

Cowden disease, respectively.Furthermore, inactivation of the gene for one of the

type I BMP receptors in mice allows for an expansion of the stem and progeni-

tor cell populations, eventually leading to intestinal polyposis resembling human

juvenile polyposis syndrome.42 Finally, TGF-β signaling also appears to be impor-

tant for the transition of stem cells to a progenitor and fully differentiated pheno-

type in the liver and biliary system. Accordingly, Smad2+/− and Smad3+/− double

heterozygous and elf −/− homozygous mice all show defective liver development,

with elf +/− mice developing hepatocellular carcinoma.55 Moreover, the TGF-β–

and BMP-regulated protein PRAJA is expressed in hepatoblasts and modulates

ELF and Smad354,56 (and STKE pathway CMP 17699). The absence of this drive

to normal epithelial differentiation may thus favor formation of human hepato-

cellular carcinoma. TGF-β family proteins and their signaling pathways play key

roles in the self-renewal and maintenance of stem cells in their undifferentiated

state, while changes in TGF-β family signals drive the selection of defined differ-

entiation pathways and their progression of differentiation. When deregulated,

changes in TGF-β family signaling may contribute to impaired differentiation

and allow for the development of cancers, thus linking the differentiation of

stem cells with suppression of carcinogenesis.

WNT SIGNALING

Wnt signaling is essential for maintenance of stem cell compartments in several

organs and regulates cellular differentiation.2,3,57 This effect of Wnt signaling

can be mimicked by stabilizing cytoplasmic/nuclear β-catenin alone, and, as

discussed earlier, the effects of Wnt signaling on stem cells are modulated through

association with other signaling pathways, including Notch, Shh, and TGF-β

signaling. Understanding of the regulation of this stem cell compartment has

come mostly from the examination of intestinal, epidermal, and hematopoietic

cells.

The intestine provides an excellent model for studying stem cell proliferation

and differentiation. The details of the intestinal cellular architecture are covered

by Radtke and Clevers.58 Intestinal stem cells reside in the base of colonic crypts

(or at position +4 in the small intestine) and give rise to transient amplifying

and ultimately differentiated cells such that each intestinal crypt is monoclonal

in origin. Crypt cells rise toward the lumen as they differentiate and are eventually
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shed by apoptosis at the luminal surface. In the intestine, Wnt signaling main-

tains the crypt stem cell compartment, and Wnt signaling induces proliferation

of the transient amplifying cells. The essential nature of Wnt signaling is demon-

strated by the fact that in tcf4−/− mice, the intestinal proliferative compartment

is entirely absent.59 Furthermore, transgenic overexpression of the Wnt antago-

nist Dickkopf-1 results in the loss of intestinal crypts in adult mice.60 Activation

of Wnt signaling is present in 90% of all sporadic human colorectal cancers,

though not through overactivity of Wnt itself; rather, 70% to 80% of tumors

contain inactivating mutations in APC, while an additional 10% to 20% have

degradation-resistant mutations in β-catenin.61 These mutations result in the

sustained expression of Wnt target genes such as c-Myc and cyclin D1.

Maintenance of hematopoietic stem cells (HSC) is also dependent on Wnt

function.62–65 The stem cells themselves secrete Wnt ligand to help maintain the

stem cell microenvironment. These effects can be mimicked through activation

of the Wnt signaling pathway by a degradation-resistant β-catenin, while HSC

compartment reconstitution can be inhibited by overexpression of Axin.66 Wnt

signaling is dysregulated in hematologic malignancies such as chronic lympho-

cytic leukemia, pre-B acute lymphocytic leukemia, and the blast crises of chronic

myelogenous leukemia.67–69 Surprisingly, the prognostic implications of overex-

pression of Wnt-regulated genes have not been as well explored in hematologic

malignancies as they have in solid tumors.

Wnt/β-catenin activation is also highly oncogenic in the mammary gland.

Transgenic mice expressing either constitutively active MMTV-�N89 β-catenin

or MMTV-Wnt1 show increased lobuloalveolar development and precocious

tumor growth.70,71 These transgenic models exhibit marked increases in Sca-1+/

CK6+ stem/progenitor cells72 and side population cells,73 and isografts of Wnt1-

transduced mammary epithelial cells give rise to both luminal epithelial and

myoepithelial cells.74 β-Catenin coactivation is also involved in the maintenance

of embryonic stem cell pluripotency,75 and a similar mechanism may pertain to

other cell populations such as mesenchymal stem cells.76 GSK3β inhibitors that

activate the Wnt pathway are able to maintain mouse and human embryonic

stem cell pluripotency.77–79

The Wnt pathway is inhibited by members of the Dickkopf (DKK) gene fam-

ily,80 secreted proteins that comprise three species. DKK1 and DKK2, but not

DKK3, directly interfere with Wnt binding to the LRP-5/6 coreceptor81 and func-

tion as tumor suppressors. DKK3 (also known as Reduced Expression in Immor-

talized Cells, or REIC) may serve a similar function since its expression is reduced

in many cancers.82 DKK3 prevents nuclear localization of β-catenin,83 and its

expression in prostate cancer cells disrupts acinar morphogenesis and growth,

although not by inhibition of β-catenin/T-cell factor (TCF) activity.84 Reduced

DKK3 expression in melanoma cells results in loss of cell adhesion, increased

invasion, upregulation of the transcriptional repressor Snail-1,85 and reduction of

E-cadherin,86 characteristics indicative of EMT. Musashi (Msi1)-mediated reduc-

tion of DKK3 increased β-catenin stability, its nuclear localization, and activa-

tion of both Wnt and Notch signaling,7 and reduction of DKK3 by shRNA in
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mammary epithelial cells reverts them to the Msi1 phenotype.7 Overall, the lit-

erature suggests that Msi1 complements Notch and Wnt signaling in the context

of mammary stem cell expansion and transformation.

NOTCH AND Msi

In the epidermis, mammary gland, and gut, interplay among the Wnt, Hedge-

hog, BMP, and Notch pathways determines whether stem cells self-renew or

differentiate. For example, Wnt signaling is activated in the colonic crypt and

maintains cells in a proliferative state; increased activity of the Wnt pathway

leads to enlarged crypts and intestinal tumors, whereas Wnt inhibition results

in loss of the stem cell compartment altogether. Notch acts jointly with Wnt to

sustain stem cell proliferation and is essential for the differentiation of specific

cell types. Hedgehog signaling promotes differentiation and restricts crypt forma-

tion that is mediated through its effect on BMP signaling.87 The Notch pathway

also plays an important role in stem cell self-renewal and cell fate determination,

particularly in breast stem cells.88 Notch promotes both stem cell self-renewal

and differentiation in a context-dependent manner,89 and thus other signaling

pathways are likely to influence whether Notch functions as a tumor suppressor

or an oncogene in a particular tissue. Notch is activated by sequential proteolytic

cleavage of its membrane-associated form to a constitutively active intracellular

form (NIC)90 (Figure 9–1). Notch activation is influenced by at least two fac-

tors: the negative regulator Numb91 and the positive regulator Msi1.92 Msi1 and

Notch are markers of hematopoietic, neuroglial, hair follicle, intestinal, testis,

and breast stem cells,93–97 suggesting a global role in cell fate determination.

Numb promotes the ubiquitination and proteasomal degradation of Notch98 and

interferes with nuclear translocation by binding to its C-terminal proline, glu-

tamic acid, serine, threonine (PEST) sequence.91 Tissues that strongly express

Msi1 show almost no expression of Numb,99 suggesting that Msi may be a critical

modulator of Notch activity. Although Msi1 is presumed to block translation in

the cytoplasm, it is found in high abundance in the nucleus of Drosophila cells100

and intestinal crypt cells,101 suggesting that Msi1 may also interfere with pre-

mRNA splicing, processing, and/or nuclear-cytoplasmic transport. In mice with

increased IGF2 signaling due to loss of maternal imprinting,101 Msi1 is highly

expressed in the nucleus of intestinal crypt cells and correlates with an increase

in stem cells and a predisposition to tumorigenesis. Msi1 expression is impacted

by a second family of RNA-binding proteins related to Drosophila Elav, a protein

involved in the development and maintenance of the nervous system in the fly

and mouse.102,103 The mammalian Elav orthologs, HuB, HuC, and HuD, promote

mRNA stabilization by binding to AU-rich elements in the 3′-UTRof Msi1 and

other mRNAs,104 and its mRNA stabilization activity is linked to protein kinase

C α activity.105 It is interesting that HuB, HuC, and HuD are expressed in neu-

ronal stem cells in a manner similar to Msi1106 and are similarly localized to

the nucleus.107 Although Msi1 was originally identified as an inhibitor of Numb
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Figure 9–1: Msi signaling pathways associated with mammary stem cells. Notch is processed
proteolytically to an extracellular domain (NEC) and an intracellular domain (NIC). The Notch
ligands Delta1 (DL1) and Jagged2 (Jag2) associate with NEC and induce cleavage and release of
membrane-bound NIC. NIC translocates to the nucleus, where it serves as a coactivator of CSL
to activate transcription of Hes/Hey, Notch, DL1/Jag2, and cyclin D1. Msi inhibits the translation
of Numb and p21 (cip1) by binding to a motif in the 3-UTR. Inhibition of Numb prevents NIC
degradation and nuclear translocation, whereas inhibition of p21 (cip1) prevents inhibition of
cyclin-dependent kinases to promote G1/S transition. Msi increases secretion of the growth factor
proliferin, which induces ERK activation through the Gi-coupled IGFII receptor, resulting in inhibition
of GSK3β. Msi1 blocks expression of the Wnt pathway inhibitor, DKK3, to increase β-catenin/T-cell
factor (TCF) activity. Msi1 is a TCF target gene and is transcriptionally activated by c-Myc, also a
TCF target gene. See color plates.

translation,108 it also blocks translation of Drosophila Tramtrack69 (Ttk69),109

a transcriptional repressor that negatively regulates EGFR expression in insect

cells.110 In addition, Msi1 blocks translation of p21Cip1 (Figure 9–1), an inhibitor

of cyclin-dependent protein kinases that regulate transit through G1/S of the

cell cycle111 as well as chromosome segregation and mitosis.112 These effects

may account for increased proliferation secondary to reduction of p21Cip1 in

Msi1-expressing cells.7 Reduction of p21Cip1 by Msi1 may also account for activa-

tion of β-catenin/TCF-dependent transcription7 since p21Cip1 negatively regulates

Wnt4 transcription.113 Because β-catenin participates in establishing the mitotic

spindle,114 this effect may also contribute to the enhanced proliferative activity

elicited by Msi1.7 Interestingly, the Msi1 promoter contains several TCF-binding
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elements,115 suggesting that Msi1 itself may be a target gene and autoregulated

through the Wnt pathway. The activated intracellular form of Notch1 as well as

the Notch ligands Jagged and Delta are highly expressed in breast cancer116–118

and in Msi1-expressing cells,7 in contrast to the little or no expression of Numb.119

Transgenic mouse models have documented the involvement of Notch signaling

in mammary tumorigenesis. Mammary-directed expression of the intracellular

activated form of Notch1, Notch3, or Notch4 results in a spectrum of tumors,

ranging from hyperplasia to poorly differentiated carcinomas.120,121 Notch3 and

Notch4 increase lobuloalveolar development from luminal epithelial cells, and

transgene expression of all Notch subtypes results in lactation failure. Notch-

dependent transformation is associated with ERK activation downstream of the

Ras pathway,122 which increases Notch mRNA stability123 and is required for tran-

scription of the Notch target gene Hes-1.124 Similar to β-catenin/TCF signaling,

c-Myc and cyclin D1 are Notch target genes in mouse and human mammary

tumors125 and in MMTV-Notch1 transgenic mice.126

Notch3 gene expression is increased in human breast spheroid cultures (mam-

mospheres), which are enriched in stem and progenitor cells.127 Stimulation of

Notch-dependent transcription increases colony formation, whereas inhibition

of Notch4 blocks branching in Matrigel,50 characteristics that are similar to the

phenotype of Notch4 transgenic mice.128 Intracellular Notch1 is increased in

breast epithelium enriched in Msi1, label-retaining cells, and CK19+/ER+ side

population cells of the large light cell morphology.129 Msi1-expressing cells were

ER+ and CK14/CK18 double-positive and consisted of luminal and myoepithe-

lial progenitor cells with branch-forming capacity in Matrigel,130 characteristics

similar to those reported by Dontu and colleagues in breast stem cells50 and in

Msi1-expressing mammary epithelial cells.7

ASYMMETRIC CELL DIVISION AND STEM CELL AGING

According to Gonczy,

Asymmetric division occurs when a mother cell gives rise to two daughter cells

with different fates. Sometimes, the two daughters are identical at birth, and

the fate difference is established later on, for instance through signaling from

neighboring cells. Alternatively, the mother cell can be polarized and the two

daughters are distinct already at birth. A sequence of four steps can be recognized

in most instances of such intrinsic asymmetric cell divisions. First, symmetry is

broken in the mother cell. Second, the mother cell becomes polarized. Third, fate

determinants are segregated towards given regions of the polarized mother cell.

Fourth, the mitotic spindle is aligned such that cleavage results in the correct par-

titioning of determinants to the daughter cells, thus ensuring that the daughters

have different fates. As a result of these four steps, a mother cell can generate two

daughter cells that are born at the same time but that are not identical.9

Although Notch and Wnt signaling also regulate and are regulated by asym-

metric stem cell division, this area has not been addressed in any detail with
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respect to cancer stem cells. In Caenorhabditis elegans, asymmetric division is

controlled by the asymmetric activity of a Wnt signaling pathway (the Wnt/β-

catenin asymmetry pathway). In this process, two specialized β-catenin homologs

have crucial roles in the transmission of Wnt signals to the asymmetric activity

of a TCF-type transcription factor, POP-1, in the daughter cells. One β-catenin

homolog regulates the distinct nuclear level of POP-1, and the other functions

as a coactivator of POP-1. Both β-catenins localize asymmetrically in the daugh-

ter nuclei using different mechanisms.131 In Drosophila neurogenesis, unequal

distribution of the Notch inhibitor Numb during mitosis inhibits Notch activ-

ity in one daughter to induce neuronal differentiation.9 In contrast, vertebrate

Numb accumulates at adherens junctions in the apical end feet, which anchor

adjacent progenitor cells. Numb and the Numb-related protein Numblike, which

is present throughout the cytoplasm, have a partially redundant role during

early neurogenesis, and their combined absence results in depletion of progenitor

cells and overproduction of neurons. This phenotype reflects a requirement for

cadherin-based adhesion, as adherens junctions are disrupted in animals that lack

Numb and Numblike, and as an analogous phenotype is observed after cadherins

have been depleted from wild-type cells. Therefore, although Numb and Numb-

like are important for asymmetric cell division in the vertebrate cerebral cortex,

they function differently than D. melanogaster Numb. The Numb inhibitor Msi1

also functions during asymmetric cell division to control neuroglial differenti-

ation.100

One of the first essential events to drive asymmetric cell division is medi-

ated by a complex of proteins that includes the polarity protein Par6. Interac-

tions between Par6 and the TGF-β pathway could potentially yield crucial new

information in the generation of cancer stem/progenitor cells.132 For instance,

asymmetric localization of Par6 along with the Bazooka/Par3 and PKCα pro-

differentiation factors controls cell fate.133 The Par6 complex, in turn, regulates

the activity of the tumor suppressor Lgl (lethal giant larval); Lgl then localizes

PKC to the Drosophila neuroblast cortex and daughter self-renewing cells. Impor-

tantly, Lgl is involved in the secretion of Decapentaplegic (Dpp), a member of

the TGF-β family, as well as in the expression of Dpp targets tinman, labial, and,

consequently, dorsoventral patterning of the Drosophila ectoderm. Interestingly,

the type I TGF-β receptor has been found to interact with the Par6 N-terminal

PB1 domain at tight junctions of epithelial cells. Thus it is possible that polar-

ity and patterning are also controlled by the TGF-β family in conjunction with

Par6/Lgl. The formation of polarized cells and apical junctions, such as tight

junctions, must be a dynamic process, in which cell types, tissues, and organs are

constantly becoming molded and dissolved as the organism grows. So it is not

surprising that, in mouse mammary epithelial cells, tight junction dissolution by

TGF-β occurs when the type II TGF-β receptor kinase associates with and phos-

phorylates Par6.132 Par6 then recruits Smurf1, which then ubiquitinates RhoA,

a small GTPase family member responsible for the maintenance of apicobasal

polarity and junctional stability, resulting in the breakdown of tight junctions

and EMT, a fundamental process in development and tumor progression.134 These
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observations indicate the bifunctional role of TGF-β in potentially maintaining

as well as dissolving asymmetry in a context-driven manner.

Although disturbances in the regulation of asymmetric cell division can result

in unrestrained proliferation and tumors in flies, to our knowledge, no studies

have examined this process in bona fide cancer stem cells. Presumably, cancer

stem cells must engage in asymmetric cell division to result in self-renewal and

differentiation to nonstem tumor cells. What, then, are the fundamental differ-

ences between cancer stem cells and normal stem cells? Both exhibit the ability

to maintain telomere length, as do nonstem tumor cells, and both exhibit a

degree of pluripotency. However, normal stem cells, even though they maintain

their telomeres, do, in fact, age and senesce, whereas cancer stem cells either

do not or do so at a lower rate and can undergo self-renewal even in the face

of aging-associated damage. In keeping with their role in the maintenance of

stem cell numbers, both the Notch and Wnt pathways are involved in the pre-

mature aging disease progeria.135 Other studies have demonstrated impairment

in Wnt signaling during the regulation and fate of stem cells in the muscle,136

skin, and intestine.137 Specific mutations in the human gene encoding lamin

A or in the lamin A processing enzyme Zmpste24, which result in premature

aging, affect adult stem cells by interfering with the Notch and Wnt signaling

pathways.135 These studies also imply that the same deterioration in stem cell

regulation also occurs in normal aging. Indeed, defective lamin A is present in

healthy individuals at low levels and accumulates as visible aggregates in old

age.138,139 Consistent with this, levels of undamaged lamin A are significantly

reduced in aged hematopoietic stem cells. These data are examples of another

important concept in cellular aging, that is, accumulation of damaged misfolded

proteins leads to aging and a shorter life span.135,140,141 How do these observa-

tions relate to asymmetric cell division and cancer stem cells? Remarkably, bac-

teria and yeast as well as vertebrates asymmetrically partition damaged proteins

into one of the daughter cells following mitosis or budding.142 Several studies

have indicated that this also occurs during stem cell and asymmetric division,

and even during somatic mitoses.135 Although there is some debate regarding

the nature of the cell that inherits the damaged proteins (mother or daughter),

the cell that does inherit is usually the one with the shorter life span. Clearly

this may differ depending on whether the organ is rapidly or slowly turning

over.

In human embryonic stem cells and other mammalian cultured cells, segrega-

tion of proteins in the TGF-β and Wnt pathways destined for degradation (Smad1

phosphorylated by MAPK and GSK3, phospho-β-catenin, and total polyubiqui-

tinylated proteins) is asymmetric.143 Recent studies have emphasized the role

of endosomal sorting complexes required for transport (ESCRT) in asymmet-

ric cell division, autophagy, and cancer.144–146 For example, in cells lacking the

ESCRT component TSG101, a known tumor suppressor, Notch is trapped in the

endosome, leading to enhanced signaling and cell-autonomous proliferation.147

Interestingly, a number of ESCRT components are recruited to the midbody, a

structure that is often inherited asymmetrically in dividing stem cells.145,148,149
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THE ENVIRONMENT, DIFFERENTIATING AGENTS, AND CANCER
STEM CELLS

Although the role of the environment and diet in the regulation of tumor initi-

ation and progression is now well established, few studies have addressed their

influence on cancer stem cells. The dietary agents vitamin A and vitamin D

(VD) have anticancer properties as well as differentiation-promoting effects. For

example, the active form of vitamin A, retinoic acid (RA), is important in embryo-

genesis and skin biology, and VD is important for bone health. For many years,

both the differentiating and growth-inhibitory properties of RA and VD have

been thought of as essential for their anticancer activity. We suggest that while

this may be partly true when these agents are used to prevent the development

of cancer, it may be less so after the cancer has begun and during its progression.

In fact, we anticipate that differentiation during carcinogenesis, in which a pop-

ulation of cells may well harbor a stem or progenitor cell phenotype, is just as

likely to result in a negative outcome (e.g., formation of blood vessel cells or mes-

enchymal [invasive] cells) as a positive one (e.g., normal breast or white blood

cells). For example, some breast cancer cells transdifferentiate into cells resem-

bling those that form blood vessels when treated with RA.13 In other words, the

differentiation-promoting activities of RA and VD may be responsible both for

their failure as a treatment in certain circumstances and their side effects, a result

of their action on nontumor cells.

The ability of carcinoma cells to take on characteristics typical of cells from

quite different backgrounds is well established and may be related to a stem cell–

like origin. Perhaps the best example of this is the ability of breast carcinoma

cells to acquire the molecular and phenotypic hallmarks of migratory and inva-

sive mesenchymal cells.11,12 Melanomas and several other tumor cells can also

take on the genotypic and phenotypic characteristics of blood vessels, known as

vascular mimicry.14–16 As discussed previously, our data suggest that these prop-

erties need to be taken into account when considering treatment or prevention

regimens using potent differentiating agents such as vitamins A and D. Although

some agents might inhibit proliferation of the majority of tumor cells (nonstem

cancer cells), they might stimulate the transdifferentiation of another popula-

tion (cancer stem cells). In more advanced cancers, the antiproliferative effects

of differentiation agents, such as RA and VD, are often lost. However, it is not

known if the small proportion of self-renewing cancer stem cells in these tumors

can still differentiate in response to these agents. If they can, then one can easily

imagine a scenario in which RA treatment could promote transdifferentiation of

the cancer stem cells in these otherwise nonresponsive tumors. Differentiation

to a mesenchymal or vascular lineage obviously would not be a desired response.

Clearly those tumor cells that reacquire differentiated properties in response to

such an agent still harbor the genetic defects that transformed them initially and

cannot be considered as normal differentiated cells. RA and VD can inhibit the

activity of the Wnt pathway so important for the maintenance of stem cell num-

ber.150–153 In the case of vitamin A, induction of the HMG protein and potential
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β-catenin inhibitor Sox9 was associated with its ability to promote endothelial

transdifferentiation of breast cancer cells.13 This is consistent with the observa-

tion that initial stem cell specification in the skin critically depends on Sox9.154 In

this study, all three epidermal epithelial lineages were lost in the absence of Sox9.

In the case of breast cancer (stem?) cells treated with vitamin A, we hypothesized

that induction of Sox9 resulted in cells being inappropriately directed down an

endothelial, rather than an epithelial, lineage.13 In this latter example, dozens of

endothelium-specific genes that were not expressed in the absence of treatment

were induced by vitamin A. This raises the question, why were genes specifying

this particular lineage induced, and not genes specifying another lineage? A clue

may be provided by recent experiments in which methylation/demethylation

of lineage-specifying gene promoters and/or covalent histone modifications was

shown to identify lineage-specific genes that were transcriptionally poised (but

not expressed) in stem/progenitor cells.17,52,155

CAN EPIGENETIC MODIFICATIONS IDENTIFY POISED
LINEAGE-PREDICTING GENES IN CANCER STEM CELLS?

The fundamental basis of cell specification during embryogenesis and organo-

genesis is conversion of cell fate decisions into heritable epigenetic informa-

tion that determines cellular identity. Methylation/demethylation of lineage-

specifying gene promoters and covalent histone modifications are heritable

epigenetic markers that play a central role in this process. In ES cells, inactive

genes encoding early developmental regulators possess bivalent histone modifi-

cation domains and are therefore poised for activation. During erythroid deve-

lopment, H3K4me2 and H3K4me3 are concordant at most genes; however,

multipotential hematopoietic cells have a subset of genes that are differen-

tially methylated (H3K4me2+/me3−).17 These genes are transcriptionally silent,

highly enriched in lineage-specific hematopoietic genes, and uniquely suscep-

tible to differentiation-induced H3K4 demethylation. Self-renewing ES cells,

which restrict H3K4 methylation to genes containing CpG islands (CGIs), lack

H3K4me2+/me3−-containing genes. These data reveal distinct epigenetic reg-

ulation of CGI and non-CGI genes during development and indicate an inter-

active relationship between DNA sequence and differential H3K4 methylation

in lineage-specific differentiation. In this case, incomplete methylation of H3K4

identifies a set of lineage-specific genes that are transcriptionally poised in mul-

tipotential hematopoietic stem/progenitor cells and that have the potential to

become activated during the process of terminal differentiation. However, biva-

lent histone domains are not always observed at typical tissue-specific genes.

For example, windows of unmethylated CpG dinucleotides and putative pio-

neer factor interactions, such as members of the FOXA family, mark enhancers

for at least some tissue-specific genes in ES cells.52,155 The unmethylated win-

dows expand in cells that express the gene and contract, disappear, or remain

unchanged in nonexpressing tissues. However, in ES cells, they do not always
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coincide with common histone modifications. These findings indicate that pio-

neer factor interactions in ES cells promote the assembly of a chromatin structure

that is permissive for subsequent activation and in which differentiated tissues

lack the machinery required for gene activation when these ES cell markers are

absent. These enhancer markers, like histone modifications, may therefore rep-

resent important features of the pluripotent state. Taken together, these studies

provide a view of epigenetic changes that occur during development that reveal

a complex interdependence among DNA sequence, histone modifications, and

developmental gene function. Identification of poised lineage or tissue-specific

genes before they are actually transcribed in pluripotent cells during development

may also provide insight into the fate of cancer cells. As indicated previously,

carcinoma cells often acquire characteristics typical of cells from quite different

backgrounds. Is it possible that the epigenetic marks discussed previously may

allow us to identify tumor cells destined to undergo, or that are at least capable of,

EMT or vascular transdifferentiation, for example, before they actually do so? In

this way, we may be able to discriminate between morphologically indistinguish-

able cells or between tumors that have the potential to metastasize or vascularize

and those that do not.
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