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Abstract

Metastasis is the major cause of death for cancer patients with solid tumors, due
mainly to the ineffectiveness of current therapies once metastases begin to form. Further
insight into the biology of metastasis is therefore essential in order to gain a greater
understanding of this process and ultimately to develop better cancer therapies. Metastasis is
an inefficient process, such that very few cells that leave a tumor successfully form
macrometastases in distant sites. This suggests that only a small subset of cells can
successfully navigate the metastatic cascade and eventually re-initiate tumor growth to form
life-threatening metastases. Recently, there has been growing support for the cancer stem cell
(CSC) hypothesis which stipulates that primary tumors are initiated and maintained by a
small subpopulation of cancer cells that possess “stem-like” characteristics. Classical
properties of normal stem cells are strikingly reminiscent of the observed experimental and
clinical behavior of metastatic cancer cells, including an unlimited capacity for self renewal;
the requirement for a specific “niche” or microenvironment to grow; use of the SDF-
1/CXCR4 axis for migration; enhanced resistance to apoptosis; and an increased capacity for
drug resistance. Therefore, in addition to playing a role in primary tumor formation, we
believe that CSCs are also key players in the metastatic process. We will review the current
evidence supporting this idea and discuss the potential implications of the CSC hypothesis

with regards to experimental investigation and treatment of metastatic disease.
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Introduction

It is estimated that North Americans have an approximately 40% risk of developing
cancer in their lifetimes [1,2]. With many cancers, early detection and timely treatment with
existing therapies can successfully reduce morbidity and mortality, such that a little less than
half of patients diagnosed with cancer will actually die of the disease [1]. Depending on the
type and severity of the cancer, current therapeutic options include surgery, radiation therapy,
and systemic therapies such as cytotoxic chemotherapy and/or hormonal therapy [3,4]. More
recently, several promising molecular targeted agents have been approved for use in the
clinic, including targeting of Her-2 with Herceptin® (trastuzumab; breast cancer) [5],
targeting of vascular endothelial growth factor (VEGF) with Avastin® (bevacizumab;
colorectal and lung cancer) [6,7] and targeting of the epidermal growth factor (EGFR) with
Iressa® (gefitinib; lung cancer) [8].

Despite these promising advances, the majority (if not all) of these therapies fail in the
metastatic setting. For example, even after complete remission in response to therapy, less
than 20% of patients with metastatic breast cancer will remain disease-free for more than 5
years [9]. Therefore, there is an essential need to better understand the biology of metastasis
in order to develop new therapeutic approaches that will be effective for combating this
deadly process. The emergence of the cancer stem cell (CSC) hypothesis, predicting that a
small subpopulation of “stem-like” cells are responsible for initiating and maintaining cancer
growth, may hold promise in terms of new approaches to cancer therapy in the metastatic
setting. This review will discuss the metastatic process and the CSC hypothesis; describe the

striking similarities between CSCs, normal stem cells, and metastatic cells; and speculate



about the implications that these ideas may have for the progression and treatment of

metastatic disease.

The metastatic process

Metastasis is a sequential, multi-step process that requires cancer cells to escape from
the primary tumor, intravasate into the circulation or lymphatic system, migrate through the
body, adhere at a secondary site, extravasate from the circulation and into the secondary
tissue, form micrometastases, develop a blood supply, and finally form macroscopic,

clinically relevant metastases (Figure 1) [10,11].

Metastatic inefficiency

Based on the complexity of the metastatic process, it seems unlikely that all cancer
cells would be able to successfully complete all the steps necessary to form clinically relevant
metastases. Indeed, it is known that metastasis is a highly inefficient process, and
interestingly, that not all the steps of the metastatic process are equally inefficient [10,12,13].
Previous studies by Luzzi et al. (1998) used in vivo video microscopy to follow the fate of
metastatic cells. They observed that cancer cells were very proficient at intravasating,
migrating through the circulation, adhering at the secondary site, and extravasating back out
of the vasculature. In fact, almost 90% of metastatic cells could successfully complete these
early steps in the metastatic process. However, only ~2% of disseminated cells were able to
form micrometastases, and only ~0.02% of cells were able to develop into vascularized
macrometastases [13]. These results suggest that only a subset of tumor cells are capable of
successfully traversing the entire metastatic cascade, and that the initiation and maintenance

of cancer cell growth at a secondary site is what limits metastasis (Figure 1).

Organ-specific metastasis: seed and soil



This regulation of growth at the secondary site also differs depending on which organ
the tumor cells metastasize to, and many cancers show an organ-specific pattern of
metastasis. For example, colorectal cancers preferentially metastasize to the liver, prostate
cancer often metastasizes to bone, and breast cancer favors metastasis to regional lymph
nodes, bone, liver, brain, and lungs [10,11]. It was originally believed that many metastases
could be explained purely by circulatory patterns [14]. According to this mechanical
hypothesis, since cancer cells are much larger than blood cells, cancer cells would be forced
to arrest in the capillary bed of the first organ they encounter in the circulation, and thus form
metastases wherever they are stopped [10,14].

However, several theories have challenged this idea by proposing that there are
additional, molecular-level mechanisms which explain why and how cancer cells can arrest
and grow in “favorite” metastatic sites. The most central of these theories is the “seed and
soil” theory of metastasis, first proposed in 1889 by Stephen Paget [15]. Paget predicted that
cancer cells (the “seed”) can survive and proliferate only in secondary sites (the “soil”’) that
produce growth factors appropriate to that type of cell, and this theory has largely withstood
the test of time [16]. In a meta-analysis of published autopsy study data [17], Weiss showed
that, in many cases, metastases detected at autopsy were in proportion to the blood flow from
the primary tumor site to the secondary organ. However, in some cases, more metastases
(notably breast cancer metastasis to bone) or fewer metastases were detected than would be
expected by blood flow alone, indicating that the ‘“soil” or microenvironment in the
secondary organ is likely very important [15-17]. Another concept, often called the homing
theory, proposes that different organs produce chemotactic factors (i.e. chemokines such as
stromal cell-derived factor 1 [SDF-1]) which can attract specific types of tumor cells to
“home” to and arrest in a particular organ [18-20]. It is likely that all these theories could be

correct simultaneously. Since metastasis is such an inefficient process, and since the



inefficiency lies in the growth of cancer cells in the secondary tissue, it is possible that the
primary method of dissemination is mechanical (i.e. blood flow patterns) and/or dependent on
chemotactic factors, and whether or not a tumor will form depends on if the metastatic

microenvironment is suitable to sustain tumor growth.

Epithelial-mesenchymal transition (EMT)

Another theory that has gained favor in recent years is the idea that epithelial-
mesenchymal transition (EMT) can contribute to the metastatic process. First identified in
embryonic development, EMT involves conversion of epithelial cells to a mesenchymal
phenotype via loss of polarity and cell-cell contacts and dramatic cytoskeletal remodeling
[21]. Cells undergoing EMT also acquire expression of mesenchymal proteins and develop an
enhanced ability to migrate, thus assisting in cell distribution throughout the embryo and
organ development.

In cancer, it is believed that epithelial tumor cells may be able to somehow activate
this primitive developmental program, thus converting differentiated epithelial cancer cells
into de-differentiated cells that possess more mesenchymal characteristics [22]. The EMT
phenotype in cancer has been associated with a decrease in tumor growth, increased
resistance to apoptosis, increased motility and invasiveness, and enhanced metastatic ability
[23]. These phenotypic transitions are reversible, and it is hypothesized that once tumor cells
have reached their destination, they may transform back into an epithelial phenotype in order
to facilitate tumor growth in the secondary site [24]. EMT is characterized by the expression
of various factors responsible for mediating this process at the molecular level. The growth
factor transforming growth factor B (TGF-B) has been shown to induce reversible EMT,
along with Wnt pathway proteins (in particular B-catenin), Notch, and Hedgehog signaling
pathways, which often act in a sequential manner to induce EMT [24-28]. Additionally,

transcription factors such as Snail and NF-kB have been shown to confer apoptotic resistance
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to tumor cells undergoing EMT [29,30]. Given the developmental origin of EMT, it is
interesting but not surprising that many of these molecules have also been associated with
stem cell maintenance [22]. In fact, metastatic cells share many cellular and molecular
characteristics of cells important to early development, and growing evidence suggests that
many cancers may contain small subsets of “stem-like” cells or “cancer stem cells” that are

responsible for tumor initiation and progression.

The cancer stem cell hypothesis

There are currently two conflicting views in the literature that attempt to explain
tumor formation. The Stochastic Model suggests that every cell within a tumor is a potential
tumor-initiator, but that entry into the cell cycle is governed by a low probability of stochastic
events. According to this model, it would be impossible to tell which cell would initiate the
potential tumor since each cell should have an equal ability to be tumorigenic. In contrast, the
Hierarchy Theory proposes that only a small subset of cells in a tumor are capable of
initiating tumor growth, but that these cells all do so at a high frequency. According to this
theory, it should be possible to identify the cells responsible for new tumor formation because
not all the cells have the same phenotypic and functional characteristics [31]. This idea paved
the way for the cancer stem cell (CSC) hypothesis, which postulates that cancer arises from a
subpopulation of tumor-initiating cells, or cancer stem cells.

The CSC hypothesis is not a new idea. In fact, in 1855, Rudolph Virchow proposed
that cancer arises from embryonic-like cells [32]. However, the existing technology at the
time was not sensitive enough to properly test this hypothesis. The recent emergence of new
techniques allowing accurate identification, isolation, and characterization of single cells

within a population (such as normal stem cells and stem-like cells in tumors) has led to the



identification of embryonic-like stem cells in some adult tissues [33] and a resurgence of

interest and debate about the CSC hypothesis.

Evidence supporting the cancer stem cell hypothesis

In 1994, the first solid evidence supporting the CSC hypothesis was provided when
a population of stem-like cells was found in acute myeloid leukemia (AML) [34]. The cell
surface phenotype CD34'CD38 was associated with cells displaying stem-like properties,
and this was confirmed by their ability to engraft NOD/SCID mice and to produce large
numbers of colony-forming progenitors. Another pivotal study by Hope et al. (2004)
demonstrated for the first time that AML originated from a cellular hierarchy, with only the
most primitive of cells being able to initiate and sustain the leukemia [35]. Further to these
findings in leukemia, tremendous research has been directed towards identifying stem-like
cells in solid tumors, and there is strong evidence supporting the existence of stem cell-like
populations in brain, colon, breast, prostate, and pancreatic tumors [36-42].

Stem-like cells have been identified in brain, colon, and pancreatic tumors based on
CD133" marker expression [36,37,42]. When CD133" expressing cells were injected into
immunocompromised mice, as few as one hundred stem-like cells were sufficient to cause
tumor formation in mice, whereas injections of ten thousand CD133" cancer cells consistently
failed to form tumors. In breast cancer, stem-like cells were identified based on CD44 ' CD24
oW cell surface phenotype, and isolated from primary tumors or pleural effusions from breast
cancer patients [38]. These cells were then injected into the mammary fat pad of
immunocompromised mice to measure the cells’ ability to form new breast tumors. Again, as
few as one hundred of these cells were sufficient to cause tumor formation in the mice. In

contrast, even injections of tens of thousands of cancer cells that did not express the

CD44"CD24™°" phenotype failed to cause tumor formation. Interestingly, Notch 3 (which



plays a role in stem cell self-renewal, cell fate, apoptosis, and proliferation) has been found to
be up-regulated in CD44 " populations of normal and breast cancer cells [43]. This suggests
that Notch expression could be increased in the CD44 CD24 (CSC) population of breast
cancer cells. It is known that the amplification of Notch receptors and the presence of ligands
(i.e. Jagged-1) is correlated with a more aggressive phenotype [28,43,44], and this supports
the idea that the CSCs are the aggressive cancer cells within a tumor.

Populations of CD44" stem-like prostate cancer cells have also been identified, and
these cells express higher mRNA levels of several ‘stemness’ genes such as Smoothened
(SMO) and Oct 3/4 when compared to CD44" cells. Additionally, CD44 " prostate cancer cells
can generate CD44" cells in vitro and in vivo, and also appear to undergo asymmetrical
division in clonal analysis [39,40]. Small populations of cancer cells within pancreatic tumors
were also identified based on CD44'CD24 "ESA" cell surface marker expression, and these
cells demonstrated a 100-fold increase in tumorigenic potential compared to the rest of the
cells in the tumor [41]. Furthermore, tumors that formed from CD44 ' CD24 ESA™ cells were
indistinguishable from the human tumors in which they originated, indicating that the tumor-
initiating cells were stem cell-like in their ability to self-renew and give rise to a

heterogeneous cell population.

Defining the cancer stem cell

Given the intense research interest in the cancer stem cell hypothesis, it is important at
this stage to more clearly define what makes a cancer cell a ‘cancer stem cell’ so that
researchers working in different model systems are able to compare cells exhibiting a
common set of properties. Recently, a consensus definition was proposed by Clarke et al.
(2006) such that a cancer stem cell is “a cell within a tumor that possesses the capacity to
self-renew and to cause the heterogeneous lineages of cancer cells that comprise the tumor”

[45]. It should be emphasized that self-renewal is not tantamount to proliferation. Normal



stem cells can self-renew and give rise to either two identical daughter stem cells (symmetric
division) or give rise to one daughter stem cell and one more differentiated progenitor cell
(asymmetric division), thus generating a heterogeneous population [46]. There is evidence
that CSCs can also self-renew to form heterogeneous cell populations, since injection of
isolated brain, colon, breast, prostate, or pancreatic cancer stem-like cells into
immunocompromised mice results in the formation of tumors that are phenotypically
identical to the original tumor and contain both stem-like cells and non-stem-like cells [36-

42,46,47].

Identifying and isolating cancer stem cells

In order to study CSCs, is important that these cells are accurately identified and
prospectively isolated from the rest of the tumor cell population in a consistent manner. This
task has proven to be challenging because of the lack of universality in morphologic
characteristics and marker expression between cancer types. Nonetheless, as described above,
certain markers have recently emerged as possible cancer stem cell identifiers, including
CD133 and CD44 [36-42,47]. Interestingly, CD133 is a marker expressed by many types of
normal stem cells, including neural and hematopoietic stem cells [36,37]. CD44 is a cell
surface receptor for hyaluronic acid, and is involved in cell migration and adhesion when
interacting with other common ligands including osteopontin (OPN), collagens, and matrix
metalloproteinases (MMPs) [47,48]. Furthermore, CD44 is commonly implicated in
metastasis [47], supporting the idea that these stem-like, tumor-initiating cells may also be
the cells that survive the metastatic process and continue on to form clinically relevant
metastases.

However, because of the heterogeneous nature and inherent genomic instability of
solid cancers, caution should be exercised when basing CSC identity on marker expression

alone [45,47]. Assays that measure functional characteristics of normal stem cells may
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therefore prove useful in helping to identify CSCs in a way that is complementary to marker
analysis, but avoids the problem of gene expression instability that commonly occurs in
cancer cells. An example of these functional assays is “side-population” analysis, which
identifies a subset of cells within a population that can more efficiently efflux dyes or drugs
[49-51]. Normal stem cells have a high ability to efflux drugs and dyes due to the high
expression of ATP binding cassette (ABC) transporters, which actively pump drugs out of the
cell [49]. Hirschman-Jax et al (2004) found that there was a small SP in neuroblastomas, as
well as in breast cancer, lung cancer, and glioblastoma cell lines that could efflux the Hoechst
33342 dye at a comparable rate to normal stem cells [50]. Similarly, measurement of the
activity of aldehyde dehydrogenase (ALDH) (another enzyme implicated in drug resistance)
is a side population assay that has been used to identify normal and cancer stem cells [51].
Other potentially useful functional assays for identifying CSCs include serial colony-forming
unit (CFU) assays and sphere formation assays (i.e. neurospheres, mammospheres).
Regardless of the approach used for prospective isolation of stem cells, the “gold standard”
for identifying stem cells (including CSCs) is in vivo reconstitution ability [45].

Once CSCs can be reliably identified and isolated from different tumor types, they
can be compared to non-CSCs to assess differences in malignant behavior such as growth,
resistance to apoptosis, adhesion, migration, invasion, metastasis, and drug resistance. Since
the emergence of the first evidence supporting the CSC hypothesis, CSCs have become hot
topic in cancer biology. However, one of the most under-investigated areas of study in the

CSC field is the relationship between stem cells, CSCs, and metastasis.

Parallels between stem cell behavior and metastatic behavior

As discussed earlier, it is well known that metastasis in an inefficient process. At

present, this inefficiency is explained in terms of the need for cancer cells to find the proper
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microenvironment, since initiation and maintenance of tumor growth in secondary organs are
the most inefficient steps of the metastatic process. We and others believe that there may be
an alternative explanation for this inefficiency, one related to the CSC hypothesis [52-56].
Rare cells drive metastatic progression, a fact illustrated by the observation that less
than 1% of disseminated cancer cells are able to form clinically relevant macrometastases
[13]. Application of the CSC hypothesis to metastasis therefore suggests that this rare subset
of cells within a primary tumor that are capable of re-initiating growth to form metastases in
distant sites may in fact be CSCs. It also suggests that the inefficiency of metastasis may be
due both to the rarity of CSCs and the unsuitable habitats in different microenvironments.
This is supported by the observation that metastatic cells and stem cells share a number of
key properties, including an unlimited capacity for self-renewal (described earlier); the
requirement for a specific “niche” or microenvironment to grow (and, juxtapositional with
that, a self-protective ability to grow in harsh environments); use of the SDF-1/CXCR4 axis
for migration; enhanced resistance to apoptosis; and an increased capacity for drug resistance

(Table 1).

The metastatic niche

Normal stem cells require a specific niche or microenvironment in order to grow and
survive [57-59]. The stem cell niche is an anatomically defined space that has been identified
in many different tissue types, and it serves to regulate stem cell number and function as well
as to modulate stem cells under conditions of physiologic change. The niche cells and the
microenvironment they create allow the niche to maintain the stem cell pool and prevent its
differentiation, while at the same time also directing tissue growth and renewal through more
differentiated daughter progenitor cells [57]. Furthermore, the niche provides protection to
stem cells. In those tissues where the niche is well defined, the stem cell may be practically

enveloped by differentiated cells which work to house and interact with the stem cells. For
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example, in the mammary gland, putative stem and progenitor cells are sequestered from both
the basement membrane and the lumen in structurally specialized spaces. The presence of a
niche within the epithelium can provide nourishment, yet exclusion from molecules that may
cause differentiation or mutation [58]. Besides protective effects, the stem cell niche can also
play a role in determining cell fate. The physical orientation of a stem cell in its niche can
affect the symmetry of cell division, and niche-forming cells can be stimulated by growth
factors to produce ligands that act on stem cell receptors such as Notch to initiate stem cell
mitosis or specify differentiation [58,59].

Metastatic cells, like normal stem cells, require a particular niche to grow. This was
elegantly demonstrated by Kaplan et al (2005), who showed that bone marrow-derived
VEGFR1" hematopoietic cells (HPC) can home to tumor-specific pre-metastatic sites and
form cellular clusters before the arrival of metastatic tumor cells in mice [60]. At these sites,
the bone marrow-derived cells express several hematopoietic markers such as CD34, CD116,
c-kit, and Sca-1, which help in maintaining their progenitor cell status within the tissue
parenchyma in the pre-metastatic niche. These VEGFR1" HPCs (along with fibronectin) alter
the local microenvironment, which leads to activation of integrins and chemokines (such as
SDF-1) that promote attachment, survival, and growth of tumor cells. When treated with an
anti-VEGFR1" antibody, the supportive pre-metastatic cell clusters were abolished and
metastasis was prevented, indicating that these clusters play an important role in the
metastatic process [60-63].

Additional studies have shown that other niche cells such as bone marrow-derived
mesenchymal stem cells have been shown to localize to breast carcinomas, and seem to be
involved in cancer metastasis [64]. When mesenchymal stem cells were mixed with non-
metastatic MCF-7/Ras human breast cancer cells, their metastatic potency increased in

immunocompromised mice. Furthermore, breast cancer cells stimulate chemokine secretion
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from the mesenchymal cells, which acts in a paracrine fashion on cancer cells to enhance
their motility, invasion, and metastasis.

Lysyl oxidase (LOX) and its regulator, hypoxia inducible factor (HIF), may also be a
factor that influences the tumor microenvironment or niche to favor metastasis. It is known
that patients with high LOX-expressing tumors (i.e. increased hypoxia in tumors) have
decreased survival due to more aggressive metastasis. Secreted LOX is thought to be
responsible for the invasive properties of hypoxic human cancer cells through FAK activity
and cell-matrix adhesion [65]. Interestingly, when LOX was inhibited (using B-
aminoproprionitrile [BAPN] or an antibody targeting LOX), metastasis was eliminated in
mice, but there was no effect on the primary tumor. This suggests that hypoxic environments
and the induced expression of LOX and HIF are important in the metastatic setting. Normal
stem cells also do well in hypoxic environments, typically maintaining an undifferentiated
state that is important to preservation of the stem cell pool [66].

There has been some controversy over whether or not CSCs require specific niches to
grow. However, in leukemia, studies have shown that leukemic stem cells actually occupy a
similar region as normal hematopoietic stem cells (the perioendosteal region), suggesting that
CSCs may in fact require a niche to protect and maintain the tumor initiating/tumor
sustaining CSCs [57]. In the situation of metastasis, we might consider that the tumor
microenvironment in a secondary organ is in fact a "metastatic niche". Initially, it was
believed that the microenvironment where a metastatic cell ended up either passively
supported tumor development and facilitated tumor formation, or it did not support growth,
and no tumor was able to form. As discussed above, there is now evidence to suggest that the
tumor microenvironment actively contributes to the growth and invasion of metastatic
tumors, and that non-CSCs may actually contribute to the creation of the CSC niche

[31,57,59,60,67,68]. In metastasis, the niche could be supporting the establishment and
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expansion of CSCs either through normal or dysregulated signaling. For example, TGF-f has
been shown to inhibit the proliferation of quiescent hematopoietic stem cells [69], so perhaps
non-CSCs in leukemia control TGF-f secretion to dysregulate CSC division, thus influencing
the balance between CSC proliferation, self-renewal, differentiation, and senescence. In solid
cancers, it could be hypothesized that CSCs in metastatic sites are similarly regulated by
inappropriate signaling from the metastatic niche [70,71]. Currently, the similarities between
stem cell niches in different tissues remains poorly understood, in particular with regards to
whether tissue-specific stem cells can be regulated by stem cell niches in other organs. This
knowledge will have important implications for understanding metastatic growth in
secondary sites, including the possibility that some cancer stem cells (i.e. breast, prostate)
may favor growth in the bone marrow because it provides a particularly rich stem cell niche

[52].

The SDF-1/CXCR4 axis

Another similarity between metastatic cells and stem cells is their use of chemokine
pathways for migration. The chemokine SDF-1 is believed to play a critical role in stem cell
migration in cooperation with its receptor CXCR4 [19]. SDF-1 is an ideal candidate for
aiding in metastasis because its major biological effects are related to the ability of this
chemokine to induce motility, chemotactic responses, adhesion, secretion of MMPs, and
secretion of angiopoietic factors such as VEGF in cells that express CXCR4. SDF-1 also
increases adhesion of cells to VCAM-1, fibronectin, and fibrinogen by activating/modulating
the function of several cell surface integrins [18]. In cancer development, fibroblast
expression of SDF-1 and tumor cell expression of CXCR4 is often increased within hypoxic
areas of the tumor, subsequently triggering tumor cell growth, motility, and
invasiveness. Furthermore, many CXCR4" metastatic cells use the SDF-1/CXCR4 axis to

migrate through the body according to an SDF-1 gradient [18,72]. In support of this, studies
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have demonstrated that breast cancer cells treated with a CXCR4 inhibitor show significantly
inhibited metastatic ability [73], and intracranial glioblastoma and medulloblastoma
xenografts treated with a CXCR4 antagonist (AMD3100) show reduced cell growth and
increased tumor cell apoptosis [74]. This axis may also help to explain the organ-specific
nature of metastatic growth, since CXCR4-expressing cancer cells may home to organs that
express high levels of SDF-1. For example, breast cancer has been shown to metastasize
experimentally using the SDF-1/CXCR4 axis, with CXCR4-expressing breast cancer cells
preferentially metastasizing to SDF-1-expressing organs such as lymph nodes, liver, and
bones [10,11,75]. Many cancers are positive for CXCR4 expression [18,72,75], and it seems,
at least in breast cancer, that CXCR4 expression correlates with the CSC content, and thus
the aggressiveness, of cancer cell lines. For example, relative to non-metastatic MCF-7 breast
cancer cells, highly metastatic MDA-MB-231 cells have a larger proportion of CSCs and
express higher levels of CXCR4 [72, and our unpublished data]. Furthermore, in pancreatic
cancer, it was recently shown that a CD133" CSC population was heterogeneous in nature
with regards to CXCR4 expression, and that only the CD133"CXCR4" CSCs were able to

metastasize [42].

Resistance to apoptosis and protection from cellular insult

Resistance to apoptosis is another key property shared by both normal stem cells and
highly malignant tumor cells. Stem cells can resist apoptosis by a number of mechanisms,
including via TGF-B signaling or activation of the Hedgehog (HH) pathway [76].
Additionally, stem cells also express higher levels of anti-apoptotic proteins than
differentiated cells, including members of the Bcl-2 family [77]. Stem cells must also resist
early senescence in order to maintain the stem cell pool, a process facilitated by Bmi-1
expression. Interestingly, Bmi-1, Bcl-2, TGF-, and HH pathway components have all been

shown to be up-regulated in cancer cells [48,76-79]. Furthermore, despite their limitless self-
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renewal capacity, normal stem cells are relatively quiescent and divide infrequently unless
activated [80-82]. Similarly, CSCs may cycle through long periods of quiescence and short
bursts of proliferation, and since most chemotherapeutic anti-cancer agents are designed to
target rapidly dividing cells, this may be one mechanism by which CSCs escape cytoxicity
from these drugs.

From an evolutionary point of view, normal stem cells have a number of unique
properties that help protect them from cellular insult and ensure their long lifespan. For
instance, normal stem cells express high levels of ABC transporters that facilitate rapid efflux
of toxins and drugs, but these genes get turned off in committed progenitors and mature cells
[81]. These transporters include ABCBI, which encodes P-glycoprotein, and ABCG2, which
encodes a protein called breast cancer resistance protein (BCRP). These two transporter
proteins can help a cell efflux a large number of different chemotherapeutic agents, including
doxorubicin and paclitaxel. Along with ABCCI, ABCBI and ABCG2 represent the three
principal multi-drug resistance (MDR) genes overexpressed in tumor cells [80,83-85]. This
drug resistance could be an inherent feature of CSCs, and could help explain the high level of
drug resistance in metastatic disease [52,81].

Finally, stem cells are also thought to be more resistant to DNA damaging agents than
differentiated cells because of their ability to undergo asynchronous DNA synthesis and their
enhanced capacity for DNA repair. During asynchronous DNA synthesis, the parental
“immortal” DNA strand always segregates with the new stem cell rather than with the
differentiating progeny, thus helping to protect the stem cell population from DNA damage
[86-90]. Similarly, CSCs are believed to be resistant to radiation therapy by preferentially up-
regulating their DNA proofreading mechanisms in order to avoid cellular death due to DNA
damage [91-92]. Studies have shown that treating a tumor with radiation can deplete the non-

CSC population and increase the CSC population by 3-5 fold, thus rendering the tumor even
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more aggressive and resistant to treatment [92]. It is also possible that CSCs may tend to be
located in the hypoxic regions of tumors, which would affect their sensitivity to radiation via
the oxygen enhancement ratio. It is more likely that radioresistance is a general property of

CSCs, due to their ability to more efficiently repair their DNA than non-CSCs [93].

Origin of the cancer stem cell: normal stem cell gone bad?

Given the many parallels between stem cells and metastatic cancer cells, one of the
most elusive and highly debated research questions surrounding the CSC hypothesis is
regarding the definitive cellular origin of the CSC [45,53]. If these cells arise from normal
stem cells, then cancer cells could requisition the existing stem cell regulatory pathways for
self-renewal. On the other hand, if these cells arise from mature, differentiated cells,
oncogenic mutations would be required to drive de-differentiation and self-renewal.

The fact that multiple mutations are necessary for a cell to become tumorigenic and
metastatic has implications for the cellular origin of cancer cells. It can be argued that mature
cells have a very limited lifespan, and thus it is unlikely that all the necessary mutations could
occur during the relatively short life of these cells. In contrast, the infinite self-renewal
capacity of normal stem cells means these cells may be the only cells that are around long
enough to accumulate the necessary mutations [52]. It has been suggested that stem or
progenitor cells must be the initial targets for malignant transformation since the CSCs must
be able to self-renew, and it would be more difficult for a differentiated cell to regain self-
renewal properties through mutations. However, since the presence of stem cells in adult
tissue is extremely rare, progenitor cells (which retain partial self-renewal capacity but are
more abundant in adult tissue) may be the cells from which CSCs are derived [53,56,94].
Alternatively, it has been demonstrated that the actual number of mutations required to form

a pluripotent stem cell from an adult fibroblast is surprisingly small. Forced expression of
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Oct-4, c-Myc, Sox2, and klf4 in adult fibroblasts results in cells that are both morphologically
similar to embryonic stem cells, and have stem cell-like replicative potential [66].

Therefore, although it is presently unclear whether tumors initiate from a stem or
progenitor cell that has accumulated genetic mutations towards a more cancerous phenotype,
or whether a cancerous cell somehow de-differentiates to become more stem cell-like, what is
clear is that this stem-like population in tumors is important for the initiation and
maintenance of tumor growth. Focusing research attention on these populations would thus
be very beneficial for understanding cancer biology and potentially discovering new

therapeutic targets to combat cancer.

Therapeutic implications

Consideration of the CSC hypothesis in the context of metastasis has far-reaching
implications to the way that we not only study cancer, but also how we treat it. Although
some early stage cancers can be successfully treated by surgery, radiation, and/or systemic
cytotoxic therapy, the majority of current therapies fail in the metastatic setting. Metastatic
cells are often highly resistant to therapy, and this is reflected by the high mortality rate once
a primary tumor has metastasized. One of the major questions raised by CSC hypothesis is
whether or not current therapies are in fact targeting the right cells. As discussed above, it has
been speculated that CSCs have the ability to avoid or resist current cancer therapies,
although this has yet to be definitively proven in the clinical setting. It has also been
hypothesized that the proportion of CSCs within a tumor may correlate with the severity of
the cancer [92,93,95, and our unpublished data]. Therefore, less aggressive cancers may be
comprised of mostly therapy-sensitive non-CSCs, which may make early stage tumors more
susceptible to successful treatment with both chemotherapy and radiation. In contrast, more

aggressive metastatic tumors may be mostly populated with therapy-resistant CSCs, making
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them extremely difficult to treat. In this section, we consider potential therapeutic approaches
for targeting CSCs (Table 1).
Radiation therapy and cancer stem cells

Experimental studies in breast and brain cancer model systems have provided some
interesting data with regards to CSCs and radiation resistance. A serious clinical problem
associated with fractionated radiation therapy (RT) is accelerated repopulation, or the
increase in rate of growth as a result of time between treatments. During accelerated
repopulation, each day of a treatment gap reduces the efficacy of RT by about 0.6Gy, making
it one of the major reasons for local failure of RT [91,93]. In breast cancer model systems,
CD44"/CD24™% CSCs from MCF-7 and MDA-MB-231 cancer cell lines were isolated and
subjected to a single dose of radiation [91]. The CSCs were observed to be more
radioresistant, had fewer or no double stranded DNA breaks (or they were quickly repaired),
and had a 50% lower dose-dependent formation of reactive oxygen species (ROS) in
response to the radiation. In addition, the increase in the CSC population was associated with
the activation of Notch-1 (important in specifying cell fate during development), so it is
possible that CSCs activate this developmental pathway in response to radiation [68,91].

Another elegant study by Bao et al. (2006) demonstrated that glioma cells expressing
CD133 (CSCs) showed preferential survival following radiation treatment as compared to
CD133" cells (non-CSCs) [92]. Interestingly, even after radiation of up to 5Gy, the CD133"
CSCs retained a similar tumor formation ability and multi-lineage differentiation potential as
the un-irradiated CSCs. The CSCs also demonstrated reduced apoptosis relative to non-CSCs,
and this was supported by a decrease in caspase-3 activation and increased activation of the
DNA checkpoint proteins Rad17, Chk1, and Chk?2 in response to DNA damage by radiation.

Thus, in the face of radiotherapy, CSCs appear to survive better, repair their DNA

more efficiently, begin to self-renew in order to increase the CSC population within the
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tumor, and ultimately this may allow the tumor to become even more radioresistant. It may
be reasonable to suggest that targeted therapies such as blockage of Notch-1 expression
within tumors could be beneficial in preventing the expansion of the CSC pool following
radiation. Similarly, therapies targeting DNA checkpoint proteins may sensitize CSCs to
radiation, resulting in a cancer that is potentially less resistant to radiation because the cells

will no longer be able to proofread their DNA at such a superior rate.

Cytotoxic/targeted chemotherapy and cancer stem cells

As discussed earlier, one of the intriguing parallels between normal stem cells and
metastatic cancer cells is increased drug resistance via upregulation of drug transporter
proteins. ABCB1, ABCCI, and ABCG2 represent three of the most common multi-drug
resistant genes that have been identified in stem cells and CSCs [81-85]. It may be possible to
sensitize CSCs to chemotherapy by blocking the function of one or more of these ABC
transporters such that CSCs would be unable to efflux the cytotoxic agents as efficiently,
resulting in enhanced cell death.

In addition to a decreased sensitivity to chemotherapeutic agents due to a high
expression of drug resistance genes, expression of both HH and Bmi-1 is activated in breast
CSCs [48]. In many types of normal stem cells, HH signaling is essential for promoting stem
cell self-renewal and proliferation. Hedgehog signaling also increases Bmi-1 expression, and
Bmi-1 has been shown to play an important role in the regulation of self-renewal of
hematopoietic stem cells and neuronal stem cells [79]. The cytotoxic agent cyclopamine
exerts its effect on cancer cells by binding to and inhibiting SMO, which inhibits the growth
of tumors with activated HH signaling [76,78]. Studies have demonstrated that xenograft
tumors resulting from injection of mice with DU-145 and PC-3 prostate cancer cells can be
virtually eliminated by treatment with cyclopamine [96,97]. It is possible that this is a result

of the drug being able to inhibit CSC self-renewal, and hence the overall growth of the tumor.
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In addition to regulating stem cell self-renewal, Bmi-1 expression is also important for
prevention of stem cell senescence, which is vital for maintaining organ homeostasis
throughout life [79]. Bmi-1 expression has been shown to extent replicative lifespan in mouse
embryonic fibroblasts (MEFs). MEFs usually reach replicative senescence after 7 passages in
culture, but MEFs from Bmi-1 deficient mice show a premature senescence phenotype after
the third passage [98]. Since Bmi-1 is over-expressed in many cancers, including breast
cancer [48], it may be useful to target CSCs via targeting of Bmi-1. If Bmi-1 is responsible
for delaying senescence in CSCs, then blocking its activity would drastically shorten the
lifespan of CSCs and thereby decrease the overall CSC population within the tumor.
Additional studies have shown encouraging results with regards to targeting specific
molecules known to be associated with CSCs. For example, TN14003 is a synthetic
polypeptide that specifically targets CXCR4 to inhibit its activity. In breast cancer, TN14003
was successful in limiting metastasis in SCID mice [73]. In brain cancer, intracranial
glioblastoma and medulloblastoma xenografts treated with another CXCR4 antagonist
(AMD3100) showed reduced cell growth and increased tumor cell apoptosis [74].
Furthermore, Jin et al. (2006) were able to show that by targeting CD44, leukemic stem cells
can be eliminated in an AML model. The authors hypothesized that this result was due to
interference with transport to stem cell-supportive microenvironmental niches and/or
alteration of CSC fate towards differentiation [99]. Other studies have shown that treatment
of prostate and breast cancer cell lines with an siRNA against CD44 can decrease cancer cell
adhesion to bone marrow endothelial cells [100]. This could reduce cellular ability to migrate
and invade tissues, and further supports the idea of using a CD44 blocker to target CSCs in

cancer therapy.

Differentiation therapy and cancer stem cells
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It has also been speculated that CSCs may be targeted using therapies designed to
modify cell differentiation. Although differentiation therapy does not kill cancer cells, it does
have the potential to restrain their self-renewal capacity and perhaps increase the efficacy of
more conventional therapies (such as chemotherapy) which are often most effective on
differentiated cells. Furthermore, differentiation agents often have less toxicity than
conventional cancer treatments [101,102]. This type of therapeutic strategy has had the
greatest impact in hematologic malignancies such as leukemia, where the cancer-initiating
cell and the cellular differentiation hierarchy is well-characterized [35,103,104]. The first
differentiation agent found to be successful in the clinic was all-trans-retinoic acid (ATRA) in
the treatment of acute promyelocytic leukemia (APL) [103-105]. It remains to be seen
whether this type of approach would also be therapeutically advantageous for eliminating
CSCs in solid cancers, either via direct targeting of CSCs or by targeting the metastatic niche

in order to induce CSC differentiation.

Prognostic implications

Finally, the use of gene expression arrays for identification of novel prognostic markers
and/or new therapeutic targets for cancer has generally failed to account for the cellular
heterogeneity present within tumors. Since the expression patterns of normal stem cells can
vary significantly from their differentiated counterparts [106], then it is probable that cancer
stem cells also have different expression characteristics than the bulk of the non-tumorigenic
cell population. Thus, expression analysis of isolated, enriched populations of cancer stem
cells could potentially uncover better prognostic markers and more effective therapeutic
targets than the current practice of analyzing mixed populations of cells present in tumor
tissue. This idea is supported by a recent study by Liu et al. (2007), in which CD44"CD24""
“tumorigenic” cells from breast tumor tissue were isolated and compared for gene expression

differences relative to that of normal breast epithelium. Differentially expressed genes were
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used to generate a 186-gene "invasiveness" gene signature which could be correlated with
reduced overall survival and reduced metastasis-free survival in patients with breast or other
types of cancer [107]. However, the large body of work from Joan Massagué’s group
(reviewed in [108]) and additional “cancer stem cell” subpopulation gene expression studies
by Shipitsin et al. (2007) [47] indicate that further work is clearly needed to confirm that the
cells that are being isolated and analyzed are in fact cancer stem cells, and also, most
importantly, that these cells are the cells that predict metastatic progression, treatment

response, and clinical outcome.

Conclusions and Future Directions

Metastasis is a lethal yet entirely inefficient process. There are several theories to
explain this inefficiency, including the CSC hypothesis. If CSCs are the only cells within a
tumor that can initiate and sustain primary tumor growth, then it is very feasible to
hypothesize that that CSCs are also the cells responsible for initiating and sustaining
metastatic growth. Furthermore, metastatic cells share many similarities with normal stem
cells, including an unlimited capacity for self renewal; the requirement for a specific “niche”
or microenvironment to grow; use of the SDF-1/CXCR4 axis for migration; enhanced
resistance to apoptosis; and an increased capacity for drug resistance. Therapeutically, it
could be advantageous if the important cells to target in cancer are similar to normal stem
cells, because we can use much of the knowledge gained about normal stem cells to design
new strategies against CSCs (7Table I). However, the potential therapeutic approaches
discussed above need to be taken with a cautionary grain of salt. Most of these ideas centre
around attacking the stem-like properties of CSCs, and are risky because of the fact that
normal stem cells may also be targeted in the process. For example, blocking ABC

transporters such as ABCG2 and ABCB1 may make CSCs more sensitive to chemotherapy,
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but may also cause the body’s normal stem cells to become sensitive to drugs and die
prematurely. Furthermore, ABCG2 and ABCB1 are important for maintaining the blood-brain
barrier (BBB), so blocking these transporters also carries the risk of jeopardizing the BBB
[96]. Similarly, blocking DNA checkpoint proteins, HH signaling and Bmi-1 expression is
also risky because normal stem cells may become unable to self-renew or may senesce
prematurely. More work is clearly needed with regards to delineating the similarities and
differences between normal stem cells, CSCs, and metastatic CSCs in order to identify
possible therapeutic strategies that would effectively eradicate CSCs while leaving normal
stem cells unharmed. Although much experimental investigation remains to be undertaken in
order to definitively prove that metastatic CSCs are similar to CSCs and that these cells are
responsible for driving metastasis, the behavioral parallels between normal stem cells, CSCs,

and metastatic cells are too intriguing to ignore.
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Figure Legends

Figure 1: The successful metastatic cell must carry out a number of sequential steps in order
to form clinically relevant metastases. Based on the complexity of the metastatic process, it
seems unlikely that all cancer cells would be able to successfully complete all the steps
necessary to form macrometastases. Indeed, it is known that metastasis is a highly inefficient
process, and that not all the steps of the metastatic process are equally inefficient. The
principal rate limiting steps are (5) initiation of growth into micrometastases; and (6)
maintenance of growth into macrometastases, whereby less than ~2% of solitary cells are
able to initiate growth and less than ~0.02% of cells are able to maintain growth into

clinically relevant metastases [10,12,13].
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Table 1: Stem cell properties displayed by metastatic cells could be potentially exploited for
therapeutic targeting of cancer stem cells (CSCs)

Stem Cell Property

Potential Molecular
Factors Involved

Proposed Therapeutic
Strategy

Requirement for specific “niche”
of microenvironment:

e growth versus differentiation
e maintenance of the CSC pool

TGF-B
Other factors?

Differentiation therapy
[84,85]

Use of the SDF-1/CXCR-4 axis:
e homing to secondary sites
e adhesion, migration, invasion

SDF-1
CXCR4
Other factors?

Treatment with agents that
target CXCR4 (i.e.
TN14003, AMD3100)

Resistance to apoptosis and
protection from cellular insult:

e maintenance of the CSC pool
e drug resistance

e resistance to DNA damage

TGF-B
Hedgehog (HH)
Bmi-1

Bcl-2

Notch-1

ABC transporters (i.e.

ABCCI1, ABCBI,
ABCG?2)

DNA checkpoint
proteins (i.e. Rad17,
Chkl1, Chk2)

Other factors?

Treatment with agents that
target:

e HH signaling

(i.e. cyclopamine)
Bmi-1

Bcl-2

Notch-1

ABC transporters

References [18,19,48,68,69,72-74,76-79,81,91,92,96,97].
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Figure 1: Croker and Allan
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