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Cancer stem cells (CSC) have been identified in hematological malignancies and several solid
cancers. Similar to physiological stem cells, CSC are capable of self-renewal and differentiation and
have the potential for indefinite proliferation, a function through which they may cause tumor growth.
Although conventional anti-cancer treatments might eradicate most malignant cells in a tumor, they
are potentially ineffective against chemoresistant CSC, which may ultimately be responsible for
recurrence and progression. Human malignant melanoma is a highly aggressive and drug-resistant
cancer. Detection of tumor heterogeneity, undifferentiated molecular signatures, and increased
tumorigenicity of melanoma subsets with embryonic-like differentiation plasticity strongly suggest
the presence and involvement of malignant melanoma stem cells (MMSC) in the initiation and
propagation of this malignancy. Here, we review these findings in the context of functional properties
ascribed to melanocyte stem cells and CSC in other cancers. We discuss the association of deregulated
signaling pathways, genomic instability, and vasculogenic mimicry phenomena observed in
melanoma subpopulations in light of the CSC concept. We propose that a subset of MMSC may be
responsible for melanoma therapy-resistance, tumor invasiveness, and neoplastic progression and
that targeted abrogation of a MMSC compartment could therefore ultimately lead to stable remissions
and perhaps cures of metastatic melanoma.
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Characteristics and epidemiology of malignant melanoma
Human malignant melanoma is a highly metastatic cancer that is markedly resistant to
conventional therapy (Chin et al., 2006; Helmbach et al., 2003; Li and Mcclay, 2002; Soengas
and Lowe, 2003). Although the survival rate of patients diagnosed with melanoma has
improved considerably over the past decades (Beddingfield, 2003), the lifetime risk and overall
mortality because of melanoma escalate yearly (Thompson et al., 2005) and increase more
rapidly than in most adult onset cancers (Jemal et al., 2001). While primary melanomas are
largely (>95%) curable using surgical excision when diagnosed early (Breslow, 1978), the 5yr survival of patients with regional lymph node infiltrations decreases to 50% (Balch et al.,
2001). Melanoma prognosis is particularly poor for patients with visceral metastases as
evidenced by a median survival rate of only a few months (Balch et al., 2001). The minimal
therapeutic benefit of current treatment regimens in this group of patients (Soengas and Lowe,
2003) indicates the urgency for novel strategies to overcome chemoresistance.
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Melanoma risk may correlate with distinct skin pigmentation phenotypes (Gandini et al.,
2005a), for example those linked to melanocortin-1 receptor polymorphic variants (Valverde
et al., 1995). In addition, epidemiological factors, such as intermittent ultraviolet radiation
exposure concomitant with sunburns, particularly during childhood, significantly promote the
susceptibility to melanoma (Gandini et al., 2005b; Thompson et al., 2005). Patients with strong
family history of the disease hereby constitute 8–12% of all melanoma cases (Fountain et al.,
1990). Common germline mutations, described for the cyclin-dependent kinase inhibitor 2A
(CDKN2A) or the cyclin-dependent kinase 4 genes (Chin et al., 2006), are, however, infrequent
in familial melanomas (Thompson et al., 2005).
Clinically, melanomas are classified according to the total thickness in millimeters, mitotic
rate, presence of ulceration, penetration depth, and location of existing metastases (Chin,
2003). Histologically, five distinct stages of melanoma progression can be distinguished:
benign nevi without dysplastic changes, dysplastic nevi, radial-growth phase (RGP), verticalgrowth phase (VGP), and metastatic melanoma (Chin, 2003). Of note, RGP melanoma cells
are mainly confined to the epidermis, are non-tumorigenic in experimental animal models and
unable to metastasize in patients (Hsu et al., 2002). In contrast, VGP melanoma lesions are
comprised of expansive, anchorage-independent nodules and are highly tumorigenic and
metastatic in immunodeficient mice and patients (Hsu et al., 2002).
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It is important to recognize that there are diverse cell types located within or surrounding
melanoma lesions, including endothelial cells, immune cells, keratinocytes, and fibroblasts
(Lee and Herlyn, 2007). Prior to malignant transformation, melanocytes are interspersed at a
constant ratio of ~1:35 among keratinocytes, forming the ‘epidermal melanin unit’ (Hsu et al.,
2002). Keratinocytes likewise serve as the key regulators of early stage melanoma cell
homeostasis and proliferation (Lee and Herlyn, 2007). Mechanistically, this homeostatic state
involves E-cadherin-mediated keratinocyte-melanoma cell bonding (Hsu et al., 2002). During
melanoma progression, advanced melanoma cells escape keratinocyte control by various
mechanisms, including downregulation of E-cadherin, upregulation of molecules important
for melanoma–melanoma cell-, melanoma–endothelium-and/or melanoma–fibroblast
interactions such as N-cadherin or MelCAM, and loss of anchorage to the basement membrane
because of an altered profile of matrix adhesion molecules (Haass et al., 2005). Upon
appropriate activation, cellular components within the malignant microenvironment, namely
N-cadherin-expressing endothelial cells or fibroblasts, promote these processes through the
secretion of proliferative growth factors, such as insulin-like growth factor 1, fibroblast growth
factor 2, transforming growth factor-beta, or VEGF (vascular endothelial growth factor) (Lee
and Herlyn, 2007). These paracrine mediators can modulate the microenvironment to cause
proliferation, invasion, and migration of deregulated melanoma cells (Hsu et al., 2002). Hence,
distinct changes of the microenvironmental milieu regulate the malignant transformation from
melanocyte to melanoma.
Melanomagenesis and progression are commonly described as ‘de-differentiation’ processes
of transformed, mature melanocytes, enabling the stepwise metamorphosis from nevus to RGP
to VGP melanoma and, ultimately, to disseminated disease (Clark et al., 1984; Herlyn et al.,
1985, 1987). Strikingly, the majority of melanomas emerge in normal appearing skin or
unexpected sites along the neural crest migratory route, not in dysplastic nevi (Kelly et al.,
1997; Lucas et al., 2003). Based on these observations and recent findings of melanoma
heterogeneity and plasticity (Fang et al., 2005; Frank et al., 2005; Grichnik et al., 2006;
Monzani et al., 2007; Topczewska et al., 2006; Wang et al., 2006) an alternative hypothesis
has been put forth in light of the cancer stem cell (CSC) concept, suggesting mutated
melanocyte stem cells or immature progenitor cells present in skin as precursors to melanoma.
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Normal adult stem cells reside in most somatic tissues, where they form the cellular basis for
tissue homeostasis, maintenance, and repair, as has been shown, for example, in the skin
(Fuchs, 2007). These relatively rare, tissue-specific stem cells are defined, firstly, by their
ability to replicate themselves through self-renewal, and secondly, by their ability to give rise
to progenitor or transiently amplifying cells which further differentiate into the mature cell
types that constitute the tissue of origin (Reya et al., 2001). In addition, recent reports provide
evidence that some postnatal stem cells bear multi-lineage differentiation plasticity (Guan et
al., 2006; Jiang et al., 2002; Toma et al., 2001). A capacity of stem or progenitor cells for cell
fusion, including fusion with more differentiated cell types (Frank et al., 2003; Spees et al.,
2003; Wang et al., 2003), may also account for apparent plasticity. For example, it has been
shown that fusion of human mesenchymal stem cells (MSC) with more mature cells may
contribute to the observed expression by fusion hybrids of surface epitopes characteristic of
more differentiated cell types (Spees et al., 2003). Thirdly, alongside their ability to self-renew
and differentiate, adult stem cells can proliferate extensively (Reya et al., 2001).
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Of note, normal stem cells tend to be more resistant to cytotoxic agents than mature cell types,
which may relate to their relative quiescence (Harrison and Lerner, 1991), activation of antiapoptotic mechanisms (Peters et al., 1998), or high-expression levels of ATP-binding cassette
(ABC) transporters (Zhou et al., 2001). The ‘stemness’ of these long-lived tissue cells is
maintained through self-renewal-associated pathways, such as Wnt, Notch, and hedgehog
(Molofsky et al., 2004). The interplay between these pathways and integrating signals from
the stem cell niche (Scadden, 2006) provides a crucial regulatory balance between self-renewal
and differentiation (Morrison and Kimble, 2006).
Tumors differ from physiological tissues in that they demonstrate a loss of these homeostatic
mechanisms (Leong and Karsan, 2006; Taipale and Beachy, 2001). Thus, oncogenesis can be
viewed as a deregulation of self-renewal. However, striking parallels have been acknowledged
for some time between stem cells and tumorigenic cancer cells: both have extensive
proliferative capacities, normal tissues and tumors are comprised of phenotypically
heterogeneous cell populations with varying clonogenic potentials, and many of the
characteristics of stem cell systems, including stem cell plasticity, are also relevant to tumor
growth (Bruce and Van Der Gaag, 1963; Fialkow, 1976; Fidler and Hart, 1982; Hamburger
and Salmon, 1977). Taken together, these findings have led to the recent development of the
CSC theory, which postulates that only a fraction of the cells in a tumor, the CSC, are essential
for its propagation (Reya et al., 2001).
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Cancer stem cells were first identified by the pioneering work of Dick and others in cancers
of the hematopoietic lineage (Bonnet and Dick, 1997; Lapidot et al., 1994). In addition, several
recent reports have demonstrated the existence of CSC in solid tumors, including breast cancers
(Al-Hajj et al., 2003), medullo-blastoma and glioblastoma tumors of the brain (Singh et al.,
2004), and colon cancer (O’Brien et al., 2007; Ricci-Vitiani et al., 2007). In breast cancer,
prospectively identified and isolated tumorigenic human cancer cells of a
CD44+CD24−/lowLineage− phenotype were found to possess the exclusive capacity to form
xenograft tumors in mice, as opposed to breast cancer cells with alternate phenotypes, which
failed to form tumors in vivo (Al-Hajj et al., 2003). The tumorigenic cancer subpopulation
could be serially passaged in these studies, generating new tumors containing additional
CD44+CD24−/lowLineage− tumorigenic cells, as well as the phenotypically diverse-mixed
populations of non-tumorigenic cells present in the initial tumor (Al-Hajj et al., 2003). In human
brain and colon cancer, CSC capable of self-renewal and differentiation were shown to be
exclusively contained within tumor cell subsets characterized by expression of the CD133
(AC133) stem cell marker, whereas CD133− tumor cells were found to lack tumorigenicity
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(O’Brien et al., 2007; Ricci-Vitiani et al., 2007; Singh et al., 2004). Thus, the term ‘cancer stem
cell’, as employed by investigators in the cancer field (Al-Hajj et al., 2003; Bonnet and Dick,
1997; Lapidot et al., 1994; O’Brien et al., 2007; Reya et al., 2001; Ricci-Vitiani et al., 2007;
Singh et al., 2004) and adopted in this review characterizes cancer subpopulations, which
contain a cancer component exhibiting increased in vivo tumorigenicity, the capacity for
indefinite potential for in vivo self-renewal, and the ability to generate phenotypically diverse
populations including non-tumorigenic cancer cells present in the initial tumor in serial
xenotransplantation experiments.
It should be noted that this definition is distinct from the generally accepted, more rigorous
stem cell definition used by investigators studying physiological hematopoietic stem cells,
which reconstitute the full hierarchical population from a single cell. In this regard, it is
important to recognize that physiological stem cells can not only divide asymmetrically but
also symmetrically (Morrison and Kimble, 2006), a feature that may potentially also be
operative in cancer through deregulation of pathways associated with normal stem cell
development (Leong and Karsan, 2006; Taipale and Beachy, 2001). This aspect of stem cell
biology offers a potential explanation for the observed higher relative frequencies of CSC in
human tumors compared with the relative rarity of physiological stem cells in physiological
tissues.
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Another potential explanation for the observed high-relative frequency of CSC in human
tumors emerges out of recent data obtained in breast cancer, suggesting that cancer bulk
components may also contribute to tumor progression and metastasis (Shipitsin et al., 2007).
In solid malignancies, optimal tumor growth and aggressive disease characteristics might
therefore emanate from interactions between elevated levels of CSC (Massague, 2007) with
non-tumorigenic tumor components, rather than from rare CSC alone.
In a manner reminiscent of normal stem cells, stemlike cancer cells have been found to be
highly resistant to drugs and toxins, for example through the expression of MDR1 Pglycoprotein (ABCB1) or related ABC transporters, particularly during relapse (Dean et al.,
2005; Frank et al., 2005; Gottesman et al., 2002; Wulf et al., 2001). In addition to their tumorinitiating properties, CSC might therefore likewise compose the small reservoir of drugresistant cells that survives chemotherapy and subsequently drives tumor recurrence and
metastatic disease. Thus, therapeutic strategies that specifically target and eradicate the CSC
compartment could potentially increase the efficacy of current treatment regimens and might
reduce the risk of relapse and metastasis.

NIH-PA Author Manuscript

Given the striking similarities between physiological and malignant stem cells, it is plausible
that CSC may arise by cumulative genetic alterations from long-lived normal stem cells that
already contain the machinery for indefinite self-renewal (Reya et al., 2001). Indirect evidence
supports the notion that distinct populations of epithelial stem cells are indeed the target of
malignant transformation in certain types of lung cancer (Kim et al., 2005). However, recent
results obtained in the hematopoietic system indicate that CSC can also arise through oncogenic
transformation of lineage-restricted progenitor or differentiated cell types (Jamieson et al.,
2004; Krivtsov et al., 2006). In addition, CSC may also evolve through epigenetic
transformation of normal stem cells by a dysfunctional environmental niche. In support of this
theory, Houghton et al. (2004) reported that bone marrow-derived cells could give rise to gastric
adenocarcinoma when recruited into gastric glands upon chronic injury. Similarly, in Kaposi’s
sarcoma endothelial cells transdifferentiate into cancer cells (Nickoloff and Foreman, 2002).
Finally, it is also conceivable that mutated somatic cells can fuse with normal stem cells,
thereby generating malignant CSC (Bjerkvig et al., 2005).
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With regard to malignant melanoma, emerging evidence now supports the CSC concept in the
initiation and propagation of the disease. Here, we will discuss important clues on MMSC from
their putative cells of origin, melanocyte stem cells, and the CSC model and its clinical
implications as it relates to malignant melanoma.

Melanocyte stem cells
It is currently unknown whether and how putative MMSC may relate to physiological stem
cells of the melanocytic lineage. A more detailed understanding of the distinctive
characteristics of melanocyte stem cells in the context of regulatory signals from surrounding
niches could, however, provide important insights into the process of melanomagenesis.
During development, melanocyte precursors arise in the neural crest from where they migrate
over substantial distances, for example, to the basal layer of the epidermis or the hair follicle,
where they differentiate into pigment-synthesizing progeny (Mayer, 1973). It is plausible that
such migratory skills reflect the strong propensity of malignant melanoma cells to metastasize,
a feature thought to be inherent to the tumor stem cell compartment (Reya et al., 2001).
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Immature melanocytes, termed melanoblasts, have been identified for some time (Cock and
Cohen, 1958). In primary murine cultures, these small cells devoid of pigment can be induced
to differentiate into large, pigmented, and highly proliferative melanocytes (Sviderskaya et al.,
1995). In addition, the selective pressure of exogenous factors, such as stem cell factor (SCF)
or leukemia inhibitory factor, permits long-term growth of transiently dominant melanoblast
populations (Sviderskaya et al., 1995). During development, melanoblasts arise in the neural
crest from where they migrate through the epidermis towards emerging hair follicles
(Mackenzie et al., 1997). Once localized to the hair follicle, melanoblasts can either
differentiate into mature melanocytes responsible for hair pigmentation or, alternatively, give
rise to melanocyte stem cells responsible of maintaining the melanocyte system (Yonetani et
al., 2007).
Using melanocyte-tagged transgenic mice, Nishimura et al., (2002) first described the
identification of such melanocyte stem cells. These phenotypically immature and slow-cycling
cells were found capable of self-maintenance throughout the hair cycle and were fully
competent of differentiating into melanin-producing progeny upon pharmacological disruption
of hair follicle pigmentation (Nishimura et al., 2002). In malignant melanoma, a slow-cycling,
non-pigmented phenotype may thus be suggestive of candidate MMSC.
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Melanocyte stem cells reside within a specialized stem cell niche called the bulge (Cotsarelis
et al., 1990; Fuchs, 2007), located in the lower permanent portion of the hair follicle known as
the outer root sheath (Nishimura et al., 2002). The hair follicle represents an attractive system
for studying stem cell function and activity because it continuously passes through cycles of
tissue regeneration. Hair growth occurs in alternating phases of proliferation (anagen),
regression (catagen), and quiescence (telogen) (Nishimura et al., 2002). In early anagen,
regulating signals from the bulge region can activate dormant melanocyte stem cells to
differentiate into transiently amplifying progeny. The latter cell population proliferates and
further differentiates into mature, melanin-producing melanocytes, which migrate to the base
of the hair follicle (hair bulb) and provide pigment for the growing hair matrix. During catagen,
mature and transiently amplifying melanocytes undergo apoptosis. At least one resting
melanocyte stem cell remains in the bulge region throughout the hair cycle, including telogen,
ensuring the production of melanocytes at the beginning of a new hair cycle (Nishimura et al.,
2002).
Of note, transiently amplifying melanocytes can escape the niche and migrate to the epidermis,
where they can further differentiate into pigmented melanocytes. Moreover, some of these
transiently amplifying melanocytes can return to a quiescent state and eventually revert to stem
Pigment Cell Melanoma Res. Author manuscript; available in PMC 2010 June 15.
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cells by colonizing vacant niches (Nishimura et al., 2002). In addition, neural crest derivatives
have been shown to differentiate into neurons, Schwann cells, or smooth muscle cells in a
niche-dependent fashion (Amoh et al., 2005; Dupin et al., 2000; Toma et al., 2001). In
summary, the data by Nishimura et al. (2002) identify a melanocyte stem cell pool within the
bulge region as the source of differentiated melanocytes not only in the hair follicle, but also
in the basal epidermis. These findings further emphasize that integrating signals from the niche
play a dominant role in stem cell fate.
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Molecularly, melanocyte stem cells can be distinguished from their more differentiated
progeny by a Dct+, Pax3+, Tyr−, Si−, Tyrp1−, Kit−, Mitf−, Sox10−, Lef1−, and Mki67−
phenotype (Osawa et al., 2005). Among these molecules, expression or absence of Pax3,
Sox10, and Mitf have been shown to be particularly critical for melanocyte stem cell
maintenance, differentiation, and quiescence (Nishikawa and Osawa, 2007). Sox10 and its
downstream target gene Mitf (micophthalmia-associated transcription factor), both of which
have been implicated as master regulators of melanocyte development (Vance and Goding,
2004), were found downregulated in melanocyte stem cells (Nishikawa and Osawa, 2007). On
the contrary, the transcription factor Pax3, which competes with Mitf for occupancy of the Dct
(dopachrome tautomerase) promoter (Lang et al., 2005), was found expressed by melanocyte
stem cells (Osawa et al., 2005). Thus, a Pax3+, Sox10−, and Mitf− phenotype can maintain an
undifferentiated state and promotes quiescence of these lineage-restricted stem cells
(Nishikawa and Osawa, 2007). Importantly, elevated levels of Wnt signaling molecules,
including activated β-catenin, antagonize the regulatory balance between Pax3, Sox10, and
Mitf towards terminal differentiation (Lang et al., 2005; Schepsky et al., 2006; Takeda et al.,
2000). On the other hand, Notch signaling promotes the maintenance of melanocyte stem cells
(Moriyama et al., 2006). A central role in regulating melanocyte stem cell fate has also been
assigned to keratinocytes, which represent the only cellular component in direct proximity
(Nishikawa and Osawa, 2007). In this regard, Mak et al. (2006) recently showed that the
depletion of melanocyte stem cells in B-cell lymphoma 2 (Bcl2) null mice achieved via
abrogation of c-kit (SCF receptor) signaling could be reversed by continuous expression of
SCF by epidermal keratinocytes. An additional mechanism perpetuating melanocyte stem cell
maintenance and quiescence is the general suppression of housekeeping functions on the
transcriptional level (Nishikawa and Osawa, 2007), a feature that has also enabled the isolation
of melanocyte stem cells from murine skin (Osawa et al., 2005).
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The existence of self-renewing and differentiation-capable melanocyte stem cells in humans
has yet to be conclusively proven in genetic lineage tracking experiments. However, findings
of repigmentation processes in vitiligo, a depigmentation disorder resulting from the
destruction of functional melanocytes, strongly suggest the presence of an immature cell pool
that replenishes the skin with functional melanocytes upon disease control (Yu, 2002). Like in
rodent skin, different melanocyte phenotypes are distinguishable in the human epidermis and
hair follicle, including amelanotic, non-proliferative cell types, and pigmented, more
proliferative melanocyte populations (Grichnik et al., 1996;Tobin and Bystryn, 1996). The
existence of melanocyte stem cells in the human hair follicle, as compared with murine
melanocyte-tagged models, was additionally indicated by a recent study demonstrating that
hair graying is linked to the selective depletion and defective self-renewal mechanisms of
melanocyte stem cells (Nishimura et al., 2005). On the molecular level, the observed aging
process of melanocyte stem cells was associated with a deficiency in Bcl2, which causes
selective apoptosis of the stem cell component, and distinct mutations of the melanocyte master
transcriptional regulator Mitf (Nishimura et al., 2005).
The deregulation of key molecules balancing melanocyte stem cell quiescence, differentiation
and self-maintenance, such as Mitf, Slug, Pax3, or Twist, has also been linked to melanoma
progression after malignant transformation (Garraway et al., 2005; Gupta et al., 2005; Lang et
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al., 2005; Yang et al., 2004). Thus, transformed melanocyte stem cells together with a disrupted
niche environment might be involved in the genesis of malignant melanoma and may represent
melanoma-initiating, stem-like cells.

CSC and malignant melanoma
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Accumulating evidence supports the presence and involvement of CSC in tumor initiation and
progression, chemoresistance and therapeutic failure in human malignant melanoma (Fang et
al., 2005; Frank et al., 2005; Grichnik et al., 2006; Monzani et al., 2007; Topczewska et al.,
2006; Wang et al., 2006). Similar to physiological tissues, melanomas consist of phenotypically
heterogeneous cell populations (Fang et al., 2005; Frank et al., 2005; Hendrix et al., 2003).
Highly aggressive melanoma cell subsets have been associated with molecular signatures that
resemble those of pluripotent stem cells (Bittner et al., 2000; Hendrix et al., 2003). In addition,
stem and progenitor cell-associated proteins have been detected in melanoma, such as cancer
testis antigens (Simpson et al., 2005), bone morphogenetic proteins (BMP) (Rothhammer et
al., 2007), Notch receptors (Balint et al., 2005), Wnt proteins (Weeraratna et al., 2002), or the
ABCB5, CD133, CD166, CD34, nestin, or c-kit stem cell antigens (Frank et al., 2005; Hendrix
et al., 2003; Klein et al., 2007; Van Kempen et al., 2000). Recent findings of melanoma subsets
with embryonic-like differentiation plasticity and increased tumorigenic potential (Fang et al.,
2005; Monzani et al., 2007; Topczewska et al., 2006) further suggest the existence of MMSC,
which may contribute to natural progression and therapeutic failure in this disease (a
hypothetical model summarizing defining characteristics of putative MMSC populations in
the context of molecular networks and distinct microenvironmental clues that may foster
MMSC-driven melanoma initiation, progression, and resistance, discussed in this review, is
given in Figure 1).
Despite the suggestive evidence, however, a molecular marker for the prospective isolation of
MMSC subpopulations that exhibit increased in vivo tumorigenicity, the capacity for in vivo
self-renewal, and the ability to generate phenotypically diverse populations of non-tumorigenic
cancer cells present in the initial tumor in serial xenotransplantation experiments (Reya et al.,
2001), has not been identified in the scientific literature to date.

Melanoma heterogeneity and tumorigenic melanoma subpopulations
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Increased in vivo tumorigenicity compared with tumor bulk components is one of the hallmarks
of CSC (Al-Hajj et al., 2003; Bonnet and Dick, 1997; Lapidot et al., 1994; O’Brien et al.,
2007; Reya et al., 2001; Ricci-Vitiani et al., 2007; Singh et al., 2004). As in many other cancers,
malignant subpopulations of increased tumor formation capacity in immunodeficient mice are
also found in human malignant melanoma (Fang et al., 2005; Monzani et al., 2007; Topczewska
et al., 2006).
Fang et al. (2005) described melanoma cell subsets capable of forming non-adherent spheres
when cultured in growth medium for human embryonic stem cells. The sphere formation
approach was originally established for physiological stem cells of the brain, which selectively
grow under these culture conditions, whereas differentiated cells rapidly die in response to
mitogens present in the medium (Reynolds and Weiss, 1992). The sphere-forming
subpopulations of human melanoma cells, which differentiated under appropriate conditions
into multiple cell lineages and preferentially expressed the CD20 marker, were more
tumorigenic when grafted to mice than their adherent counterparts with lesser differentiation
plasticity (Fang et al., 2005). Sphere-forming melanoma cells persisted after dissociation and
re-plating of in vivo-formed xenografts and in long-term cultures in vitro, indicating their
competence to self-renew. Based on these findings, the authors proposed that melanomas
contain a subpopulation of stem-like cells that contribute to heterogeneity and tumorigenesis
(Fang et al., 2005). Although xenografted sphere-derived cells gave rise to significantly larger
Pigment Cell Melanoma Res. Author manuscript; available in PMC 2010 June 15.
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tumors, the difference in tumor formation capacity compared with adherent populations was
modest (3/5 versus 1/5 tumor xenografts, respectively) (Fang et al., 2005). Furthermore, some
melanoma spheres lost their ability to differentiate into certain cell lineages over time,
indicating potential limitations of the sphere formation assay in efficiently enriching for CSC
subsets. While the results by Fang et al. (2005) do not establish the presence of prospectively
and molecularly defined MMSC, they provide a rationale to further examine CD20-sorted or
other minority populations present in more tumorigenic melanoma spheres in serial
xenotransplantation experiments to identify MMSC.
Our group recently cloned and characterized ABCB5 (Frank et al., 2003, 2005), a novel human
MDR P-glycoprotein family member, which mediates chemoresistance in melanoma via its
function as a drug efflux transporter (Frank et al., 2005). Remarkably, ABCB5 expression is
closely co-regulated with melanoma tumor antigen p97 [melanotransferrin (MTf)], a molecule
associated with melanoma growth (Suryo Rahmanto et al., 2007). In addition, we found
ABCB5 to be specifically expressed on CD133+ tumor stem cell phenotype (O’Brien et al.,
2007; Ricci-Vitiani et al., 2007; Singh et al., 2004)-expressing minority populations among
heterogeneous malignant melanoma cultures and within clinical human malignant melanomas
of both primary and metastatic origin (Frank et al., 2005).
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As tumor cell subsets defined by CD133 enrich for CSC in colonic cancers (O’Brien et al.,
2007; Ricci-Vitiani et al., 2007) and tumors of the brain (Singh et al., 2004), in a subsequent
study Monzani et al. (2007) compared the abilities of CD133+ versus CD133− melanoma cells
to initiate tumor formation in vivo. Importantly, primary tumor initiating properties were
exclusively contained within melanoma cell subsets characterized by expression of CD133,
whereas CD133− melanoma cells were found to lack tumorigenicity (Monzani et al., 2007). In
contrast to the findings by Fang et al. (2005), more tumorigenic CD133+ melanoma subsets
were confined to adherent cell populations, whereas melanoma sphere-associated cells were
devoid of CD133 (Monzani et al., 2007). In tumor xenografts in vivo, and under standard
culture conditions in vitro, a melanoma cell line was found to be comprised of a majority of
CD133+ cells expressing markers of melanoma cell plasticity (Hendrix et al., 2003) and low
levels of the side-population determinant ABCG2 (Zhou et al., 2001). Based on their findings,
Monzani et al. (2007) proposed that MMSC could be defined by a CD133+/ABCG2+
phenotype, but serial xenotransplantation of purified populations prospectively identified by
these markers was not performed in this study. Indeed, when others examined ABCG2 as a
candidate prospective marker of tumorigenic cancer subpopulations, the molecule was not
found to serve such a function (Patrawala et al., 2005). In addition, CD133+ subpopulations
may not be consistently present in all primary and metastatic melanomas according to earlier
findings (Klein et al., 2007). Hence, more extensive studies, including secondary tumor
formation and stringent self-renewal and differentiation experiments are needed to draw more
definitive conclusions about CD133 or ABCG2 as candidate MMSC markers.
In a separate study, Grichnik et al. (2006) isolated melanoma cell subsets using the flow
cytometry-based side population (SP) technique, which defines cell populations based on their
ability to efflux the Hoechst dye (Goodell et al., 1996). Importantly, the SP phenotype has been
proposed as a surrogate marker of physiological stem cells (Goodell et al., 1996) and has also
served as a determinant of cancer subpopulations with increased tumorigenic capacity
(Patrawala et al., 2005). Grichnik and colleagues described melanoma SP cells, which were
unmelanized and small in size and had the capacity to give rise to larger, pigmented cells upon
clonal purification (Grichnik et al., 2006). Interestingly, the residual proliferative capacity of
melanoma cultures treated with the cytotoxic agent Ara-C (β-D-arabinofuranoside
hydrochloride) was concentrated in this cell fraction (Grichnik et al., 2006), which may relate
to the expression of ABC transporters associated with the SP phenotype (Zhou et al., 2001).
However, the molecular and cytological profiles of SP subsets in normal and malignant tissues
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enriched for stem cells is only correlative.
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Further, potential markers of stem-like melanoma subpopulations are indicated by the study
of Topczewska et al. (2006) who showed that aggressive melanoma cells secrete the embryonic
morphogen Nodal, a member of the TGF-β superfamily. Most notably, inhibition of Nodal
signaling reduced both colony formation in soft agar and melanoma tumorigenicity in an
orthotopic mouse model (Topczewska et al., 2006). In addition, Nodal knockdown also
promoted melanoma cell differentiation, as evidenced by an increase in tyrosinase activity and
decreased vascular endothelial cadherin (VE-cadherin) and keratin levels (Topczewska et al.,
2006). Given the heterogeneous expression of Nodal in clinical melanoma specimen and its
requirement for optimal tumor growth, the authors suggested that Nodal might be a marker of
the melanoma stem cell phenotype (Topczewska et al., 2006).
In summary, several recent studies have identified tumorigenic melanoma subpopulations in
human to immunodeficient mouse xenotransplantation experiments (Fang et al., 2005;
Monzani et al., 2007; Topczewska et al., 2006). While extensions of these findings might
ultimately lead to the molecular identification of MMSC, clearly, enhanced tumorigenicity of
a particular melanoma subpopulation alone is not sufficient to define cancer ‘stemness’.
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The microenvironmental niche, a prominent regulator of tumor growth
Cancer stem cells, like normal stem cells, may depend on cellular interactions with
differentiated, physiological cell types or on their own non-tumorigenic cancer bulk
populations to sustain stem cell features (Scadden, 2006). In addition, secreted factors or other
niche components may regulate tumor establishment, growth, and progression (Scadden,
2006). Tumorigenicity as determined in xenotransplantation experiments may further vary with
the applied experimental conditions, such as the species-specific host milieu,
microenvironmental clues at the tissue site of injection, or the activation status of immune
effector mechanisms in recipient animals. In support of this hypothesis, Kelly et al. (1997)
showed that a large proportion of mouse tumor cells could sustain myeloid and lymphoid
neoplasms in histocompatible recipient mice. These findings stand in contrast to those obtained
using human to immunodeficient mouse xenotransplantation models, which identified a rare
subset of human CD34+CD38− leukaemia initiating cells exclusively capable of tumor
development and growth (Bonnet and Dick, 1997; Lapidot et al., 1994).
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A pertinent role of the host milieu and/or the micro-environment in tumorigenesis has also
been recognized for malignant melanoma (Hendrix et al., 2007). For example, exposure to
embryonic skin in utero could inhibit the tumor formation capacity of murine B16 melanoma
cells (Gerschenson et al., 1986). Likewise, the chick or zebrafish embryonic
microenvironments were able to prevent tumorigenesis when human metastatic melanoma
cells were implanted (Kulesa et al., 2006; Lee et al., 2005). On the other hand, endothelial celland/or fibroblast-secreted growth factors can create a malignant microenvironment that
propagates the switching of cadherin subtypes and the decoupling of melanocytes or early stage
melanoma cells from the basement membrane, thus accelerating malignant melanocyte
transformation and ultimately melanoma cell proliferation and progression (Haass et al.,
2005; Hsu et al., 2002; Lee and Herlyn, 2007). Another milieu furthering tumorigenicity and
advanced stage disease might be a microenvironment devoid of molecular oxygen, which
results in the induction of HIF-1 (hypoxia-inducible factor), increased expression of VEGF,
and decreased E-cadherin levels (Lee and Herlyn, 2007). Taken together, these findings
establish that the tumorigenic potential of malignant cells, including CSC, may be altered by
distinct microenvironments.
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Putative CSC might also reciprocally modulate the surrounding niche through the secretion of
paracrine factors or direct cell–cell contact. For example, Nodal signaling by aggressive
melanoma cells injected into zebrafish blastula resulted in the formation of ectopic embryonic
axes, presumably by influencing endogenous progenitor cell fate (Topczewska et al., 2006).
Similarly, Nodal and other signaling molecules may sustain cancer niche environments that
enable tumorigenic cancer populations to initiate and promote tumor growth. For instance, the
melanoma tumor microenvironment may inhibit the activation of immune effector mechanisms
(Gajewski, 2006). Strategies by which tumorigenic melanoma cells may evade immune
surveillance include the secretion of soluble immunoregulatory mediators, such as TGF family
members, the induction of regulatory T cells or plasmocytoid dendritic cells (Baumgartner et
al., 2007; Mccarter et al., 2007; Viguier et al., 2004), or the expression of negative
costimulatory molecules, such as programmed cell death 1 ligand (Dong et al., 2002). These
mechanisms parallel those described for bone marrow-derived MSC, which have also been
shown to exert immunoregulatory effects (Frank and Sayegh, 2004; Le Blanc et al., 2004).
Taken together, the available evidence allows for the possibility that a subpopulation of
immunoprivileged MMSC may foster tumor formation at least in part via attenuation of the
immune response.
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These findings further highlight that distinct features of the niche environment may complicate
the interpretation of tumorigenicity experiments with sorted, isolated cell subsets, particularly
in xenotransplantation models. Thus, the identification of MMSC may prove challenging, when
pursued outside the context of tumor bulk populations and/or requisite human support cells.
Ideally, assessment of enhanced tumorigenicity, self-renewal and differentiation capacity of
tumor subpopulations, and thus the identification of CSC, would therefore need to occur in a
dynamic tumor environment by co-grafting genetically labeled putative MMSC with nontumorigenic bulk populations.

Differentiation plasticity of malignant melanoma cells
During development, a distinct microenvironmental milieu can govern the specification of
pluripotent embryonic stem cells (ESC) (Lotem and Sachs, 2006). Multi-lineage differentiation
plasticity is one of the hallmarks of ESC (Reya et al., 2001). While differentiation in light of
the CSC concept refers to the ability of tumor cells to give rise to phenotypically diverse
populations (including non-tumorigenic cancer cells) that recapitulate the histological features
of the initial tumor in serial xenotransplantation experiments (Reya et al., 2001), a multipotent,
plastic, embryonic-like phenotype has also been proposed as a defining characteristic of
putative MMSC populations (Fang et al., 2005; Hendrix et al., 2003; Monzani et al., 2007).
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In fact, aggressive melanoma cells display elevated levels of genes associated with embryonic
development and pluripotency when compared with their poorly aggressive counterparts
(Bittner et al., 2000). For instance, the spectrum of overexpressed genes was found to include
some that are characteristic of hematopoietic, neuronal, muscle, endothelial, and additional
progenitor cell types (Bittner et al., 2000). Furthermore, endothelium-associated genes have
been found expressed by aggressive melanoma cells, including VE-cadherin, tyrosine kinase
receptor 1, or ephrin receptor A2, which are functionally involved in physiological
angiogenesis and vasculogenesis (Hendrix et al., 2003).
While it is thought that the tumor vasculature is mostly composed of non-malignant endothelial
cell populations originating from host angiogenesis (Folkman, 1995; Risau, 1997), there exists
now evidence that melanoma cells with high degrees of differentiation plasticity may contribute
to the de novo formation of tumor blood vessels (vasculogenesis) via a process termed
vasculogenic mimicry (Hendrix et al., 2003). These extracellular matrix (ECM)-rich
vasculogenic tumor cell networks were shown to conduct fluid, contained fibrin-ogen and anti-

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2010 June 15.

Schatton and Frank

Page 11

NIH-PA Author Manuscript

coagulant factors, and might thus provide for surrogate, melanoma cell-driven methods of
tumor perfusion, nutritional exchange, and dissemination (Hendrix et al., 2003; Maniotis et al.,
1999). Interestingly, addition of angiogenesis inhibitors to melanoma cell cultures in vitro did
not affect tubular network formation, while angiogenesis by human vascular endothelial cells
was abrogated under similar conditions (Van Der Schaft et al., 2004). These findings suggest
that vasculogenic mimicry might represent an important survival mechanism contributing to
the failure of currently available angiogenesis inhibitors to fully effect tumor eradication
(Folkman, 2007).
Importantly, BMP, secreted morphogen members of the TGF-β superfamily that play critical
roles in early embryonic vascular development, have also been linked to melanoma cell-driven
vasculogenesis (Rothhammer et al., 2007). Furthermore, Rothhammer et al. (2007) described
that impaired BMP4-activity resulted in reduced tumor growth concomitant with large necrotic
areas in an in vivo mouse model. Of note, BMP4-responsive BMPR1a+ cells coincide with
undifferentiated progenitors in a physiological stem cell niche (Frank et al., 2006). Moreover,
the BMP4-BMPR1a signaling system can regulate the size of the CSC population in brain
tumors (Piccirillo et al., 2006). Based on these findings, it is conceivable that the CSC
compartment within a tumor may be responsible for tumor vasculogenesis, and that such a
potential function of CSC might represent one role by which CSC may drive neoplastic
formation and growth.
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A reservoir of stem-like plasticity of malignant melanoma is further suggested by the presence
of lipoblast-like (Cruz et al., 2003), osteoid (Hoorweg et al., 1997), or cartilaginous (Grunwald
and Rothem, 1987) differentiation patterns in some melanoma patient biopsies. In addition,
melanoma cells grown as floating spheres can be induced to give rise to multiple cell lineages,
including melanocytic, adipocytic, osteocytic, chondrocytic, and neural lineages (Fang et al.,
2005; Monzani et al., 2007). The differentiation plasticity of certain types of melanoma cells
could contribute to the failure of current therapeutic regimens by masking malignant target
populations (Hendrix et al., 2003).
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However, the cellular and molecular events underlying tumor cell plasticity are not well
understood and the possible relationship of phenomena such as vasculogenic mimicry to
putative MMSC is currently unknown. MMSC could potentially truly transdifferentiate into
endothelial and other cell types to serve stromal functions ultimately fostering a tumorigenic
microenvironment hospitable to metastatic progression. Another possibility is that
differentiation plasticity ascribed to aggressive melanoma cells could be based in part on
MMSC-mediated recruitment of or MMSC fusion with surrounding physiological cells
resembling cell fusion of physiological stem cells with more differentiated cells (Frank et al.,
2003; Spees et al., 2003; Wang et al., 2003). Genetic lineage tracking experiments of candidate
MMSC would represent a critical first step towards elucidating the possible relationship of
stem-like cancer cells to melanoma transdifferentiation. Such assays could identify the
potential contribution of MMSC to tumor vasculogenesis, and MMSC-targeted therapies
directed at the tumor blood supply could provide for potential novel therapeutic strategies.

Self-renewal and differentiation pathways operative in physiological stem
cells – insights into melanomagenesis
Regulatory signaling pathways, such as Sonic hedgehog (Shh), Wnt, or Notch, modulate the
differentiation plasticity of physiological stem cells and promote stem cell self-renewal (GolanMashiach et al., 2005; Lotem and Sachs, 2006; Reya and Clevers, 2005; Reya et al., 2001;
Taipale and Beachy, 2001). There is evidence that several key mechanisms that control
physiological stem cell function may also regulate melanomagenesis and progression (Chin et
al., 2006). These melanoma signaling pathways have been reviewed in detail (Chin, 2003;
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Chin et al., 2006; Haluska et al., 2006; Herlyn, 2006). Here we provide a brief overview of
some of the most relevant pathways in light of the CSC concept.
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In physiological settings, the hedgehog family, including Shh, is essential for embryonic skin
development and adult, stem cell-driven skin regeneration (Levy et al., 2005; Taipale and
Beachy, 2001). Expression and localization of Shh varied within the hair cycle (Oro and
Higgins, 2003) and was found to modulate hair-follicle formation (Levy et al., 2005) and the
proliferation of human melanocytes (Stecca et al., 2007). Notably, constitutive activation of
the hedgehog signaling pathway drove the development of basal cell carcinomas (Hutchin et
al., 2005). In addition, Shh signaling was also found to regulate the proliferation and metastatic
potential of human melanomas (Stecca et al., 2007).
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Another network of secreted signaling molecules that has been implicated both in the regulation
of self-renewal of normal stem cells and in malignant proliferation of cancer cells is the Wnt
family (Dorsky et al., 1998; Gat et al., 1998; Reya and Clevers, 2005; Rubinfeld et al., 1997).
For instance, Wnt5a signaling directly correlated with increasing tumor grade and invasion of
metastatic melanoma (Weeraratna et al., 2002) and inhibition of the Wnt2 ligand induced
apoptosis in vitro and suppressed tumor growth in a melanoma xenograft model in vivo (You
et al., 2004). In addition, activation of β-catenin, a key effector of the canonical Wnt cascade,
was shown to promote pigment cell formation (Dorsky et al., 1998). Furthermore, enforced
β-catenin signaling was linked to higher proliferative capacity, impaired differentiation, and
increased self-perpetuation of epidermal and hematopoietic stem cells (Reya et al., 2001; Zhu
and Watt, 1999) and the de novo formation of hair follicles (Gat et al., 1998). Aberrant βcatenin activation in transgenic mice led to the development of hair tumors (Gat et al., 1998).
In the context of melanoma, mutational events resulting in constitutively elevated β-catenin
levels, for example through the deregulation of proteins involved in its bio-degradation, were
associated with disease progression (Larue and Delmas, 2006; Rubinfeld et al., 1997).
Similarly, overexpression of Notch receptors and their ligands Jagged-1, Jagged-2 or Deltalike 1 proteins correlated with melanocytic tumor growth and progression (Hoek et al., 2004;
Massi et al., 2006). In addition, ectopically enforced Notch1 signaling enhanced melanoma
cell proliferation and metastatic potential via activation of the β-catenin or the mitogenactivated protein kinase/phosphatidylinositol 3-kinase-Akt (MAPK/PI3K–Akt) pathways
(Balint et al., 2005; Liu et al., 2006). In normal tissue homeostasis, Notch activation fostered
physiological stem cell self-renewal, for example in the neural or hematopoietic systems (Shen
et al., 2004; Varnum-Finney et al., 2000).
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A potential link between normal stem cells and CSC is further indicated by the existence of
common self-maintenance mechanisms involving the PTEN (phosphatase and tensin homolog)
tumor-suppressor pathway (Yilmaz et al., 2006). Importantly, loss of PTEN function promoted
melanoma development (Stahl et al., 2003). Additional tumor-suppressor pathways that
regulate normal stem cell self-renewal (Molofsky et al., 2003) and also control
melanomagenesis when inactivated include two distinct proteins encoded by the CDKN2A
locus, namely p16 (also known as INK4A) and ARF (the alternative reading frame of the
CDKN2A locus) (Chin et al., 2006).
Finally, mutations of the melanocyte master regulator Mitf have been implicated in selfrenewal deficiency of melanocyte stem cells (Nishimura et al., 2005). Importantly, the
melanoma oncogene Mitf (Garraway et al., 2005) was recently shown to control melanoma
cell proliferation and invasiveness via regulation of the diaphanous-related formin Dia1
(Carreira et al., 2006). Mitf amplification was also associated with tumorigenicity, disease
progression, and decreased melanoma patient survival (Garraway et al., 2005).
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In summary, genetic alterations of the signal-transduction machinery of physiological stem
cell maintenance and differentiation significantly contribute to malignant melanoma
development and progression. The convergence of self-renewal mechanisms between normal
stem cells and CSC in other tissues (Reya and Clevers, 2005; Reya et al., 2001; Sanai et al.,
2005) suggests the involvement of MMSC in the pathogenesis of melanocytic tumors.
Therefore, studying self-renewal pathways and their deregulation in malignant melanoma may
help to identify MMSC populations and could provide novel insights into the cellular events
responsible for MMSC-driven tumorigenic growth.

Genomic instability and cancer – clues on putative MMSC populations
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Genomic instability and substantially altered cancer genomes are hallmark features of
malignant neoplasms including melanoma (Futreal et al., 2004; Storchova and Pellman,
2004). Specifically, melanomas manifest extensive chromosomal rearrangements, such as
translocations, chromosomal amplifications, or deletions, and, in addition, germline or somatic
point mutations, some of which may govern disease development and progression (Chin et al.,
2006; Curtin et al., 2005). Malignant transformation and the acquisition of metastatic features
represent complex, multi-step processes (Hahn and Weinberg, 2002). While such cumulative
genomic alterations may lead to diverse melanoma populations with differential cytogenetic
abnormalities, uniform genetic characteristics between primary tumors and metastases from
the same patient would suggest a clonal progression of melanoma (Bevilacqua et al., 1998).
Moreover, melanocytic tumors would thus originate from a common, transformed ancestor.
Indeed, similar patterns of chromosomal aberrations were identified by comparative genomic
hybridization between primary VGP and RGP melanomas (Bastian et al., 1998) and between
primary and metastatic melanomas (Balazs et al., 2001). In a recent report, Wang et al.
(2006) cytogenetically compared primary melanoma material and biopsies from a series of
recurrent lesions collected from a single patient, who experienced repeated clinical remissions
and relapses over a decade of observation. In spite of marked phenotypic variations, consistent
genetic traits and chromosomal imbalances persisted among the distinct tumor specimens
examined, indicating that all metastases were clonally derived from the same primary tumor
(Wang et al., 2006). Interestingly, a rare point mutation of the β-catenin gene was identified
in each of the metastatic samples (Wang et al., 2006). Although some genetic changes were
shared in this series of patient biopsies, not all of the aberrations were perpetuated (Wang et
al., 2006).
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Taken together, these findings suggest that melanomas may arise from mutations and
chromosomal rearrangements that accumulate in a common precursor cell pool, which
subsequently drives the establishment of primary lesions upon cancerogenous transformation.
The data by Wang et al. further indicate, that the potential to metastasize is confined to the
very same minority population, while its genomically less stable progeny is unable to spread
the disease (Grichnik, 2006). This hypothesis is in line with the CSC concept, which postulates
that it is the CSC subset that drives both primary tumor formation and metastasis (Reya et al.,
2001).

Tumor progression and metastasis – processes driven by MMSC?
Metastasis is defined as the process by which cancer cells escape the primary neoplasm and
establish new tumor colonies at distant organ or tissue sites. This process requires tumor cell
migration into the lymphatic system and/or dissemination through the blood circulation (Fidler,
2003). Melanoma is a highly metastatic cancer and the 5-yr survival rate of melanoma patients
with lung or other visceral metastasis is <10% (Balch et al., 2001). In spite of its clinical
significance, the cellular and molecular mechanisms underlying metastatic melanoma
progression remain inadequately understood.
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Competing theories have been proposed for the evolution of metastases (Bernards and
Weinberg, 2002). One theory, the clonal selection model, postulates that the continuous
accumulation of mutations and chromosomal imbalances may lead to foci of cancerous cells
with metastatic properties in advanced stages of disease. However, an alternative hypothesis
has been put forth whereby the tendency to metastasize may be determined early in
tumorigenesis (Fidler and Kripke, 1977). This hypothesis is supported by the recent
identification of metastatic signatures present in primary tumor cells or their transformed
precursors prior to neoplastic progression (Gupta et al., 2005; Ramaswamy et al., 2003). Of
note, functional genomic studies further suggest that distinct cancer cell subsets within primary
lesions are preordained to metastasize to specific organs (Minn et al., 2005). In light of the
CSC concept, it is plausible that such minority populations may coincide with stem-like cancer
cells with the capacity to initiate tumor formation. In support of this notion, some characteristics
ascribed to physiological stem cells and putative CSC populations show striking parallels to
cellular attributes underlying the metastatic process. Moreover, niche constituent cells or
signaling pathways, that function as key modulators of normal stem cell proliferation and
migration (Scadden, 2006), also play pivotal roles in tumor cell invasion, dissemination, and
engraftment (Fidler, 2003).
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Specifically, cellular niche components have been found to provide anchoring sites for somatic
stem cells, for example in the bone marrow, where haematopoietic stem cells (HSC) are
physically attached to osteoblastic cells (Calvi et al., 2003; Zhang et al., 2003). This attachment
process is orchestrated by the interplay of distinct signaling molecules including β-catenin, the
main downstream effector of the evolutionary conserved Wnt cascade (Zhang et al., 2003).
Aberrant activation of the Wnt pathway, a feature associated with melanoma progression
(Larue and Delmas, 2006), results in the translocation of β-catenin from adherens junctions to
the nucleus (Reya and Clevers, 2005). Disruption of such intercellular bonds formed by βcatenin/E-cadherin complexes has been causally linked to the breakdown of epithelial-cell
homeostasis during cancer cell invasion termed epithelial to mesenchymal transition (EMT)
(Thiery, 2003). Interestingly, some of the key molecules associated with melanocyte stem cell
maintenance and melanoma metastasis, such as Slug or Twist (Gupta et al., 2005; Yang et al.,
2004), also act as EMT-inducing, transcriptional repressors of E-cadherin expression (Nieto,
2002). Thus, interrelations between Wnt signaling factors and the cadherin-catenin adhesion
system govern both the localization of normal stem cells in their niche and, when dysregulated,
invasive melanoma cell growth. Other molecules involved in local melanoma invasion (Seftor
et al., 1999) that also regulate normal stem cell adhesion include integrins (Hirsch et al.,
1996) and matrix metalloproteinases (Heissig et al., 2002). Most notably, a recent comparative
oncogenomics study led to the identification of a novel melanoma metastasis gene, NEDD9,
which is required for melanoma cell invasion and dissemination as determined in a series of
loss-of-function and gain-of-function experiments (Kim et al., 2006). Moreover, NEDD9
expression in patient biopsies correlated with human melanoma progression (Kim et al.,
2006). Interestingly, NEDD9 was also found overexpressed in physiological CD133+ human
cord blood progenitor cells exposed to hypoxia (Martin-Rendon et al., 2007), an environmental
milieu that likewise enhances the metastatic potential of cancer cells (Pouyssegur et al.,
2006).
An additional parallel between stem cells and metastatic melanoma subsets is given by their
potential to migrate to distinct target organs or tissues. This migratory capacity, which is crucial
both for tissue homeostasis and metastatic progression, is based on common regulatory
mechanisms. For example, stromal cell derived factor 1 (SDF-1)-signaling through the C-XC chemokine receptor type 4 (CXCR4) was shown to regulate HSC migration, homing, and
engraftment (Peled et al., 1999). Similarly, the SDF-1/CXCR4 system was found to direct the
dissemination of tumor subpopulations in melanoma (Murakami et al., 2002) and other cancers
(Muller et al., 2001). Inhibition of interactions between CXCR4, expressed by melanoma cells,
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and its ligand SDF-1, produced at sites of tumor cell engraftment, suppressed melanoma
metastasis to murine lungs (Cardones et al., 2003; Takenaga et al., 2004). In addition, enhanced
expression levels of CXCR4 correlated with poor prognosis in patients with malignant
melanoma (Scala et al., 2005). Another molecular enhancer of melanoma migration is the ECM
protein osteopontin (Hayashi et al., 2007), which was also implicated as a negative regulator
of the HSC pool size (Stier et al., 2005).
In a recent study, Kaplan et al. (2005) demonstrated how melanoma cell-conditioned media
could program hematopoietic progenitor cells to home to pre-metastatic sites prior to tumor
cell engraftment. Through the disruption of molecular networks sustaining the given
microenvironment, the recruited progenitor cell clusters ultimately generated permissive, premetastatic niches for incoming tumor cells (Kaplan et al., 2005). Thus, yet to be determined
melanoma cell-secreted factors triggered a complex cascade of cellular interactions underlying
the establishment of a metastatic tumor focus.
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Whether CSC populations may facilitate the formation of pre-metastatic environments and
hence enable neoplastic progression remains an open question. In support of this theory,
however, the melanoma cell-secreted morphogen Nodal, which was also found to orchestrate
physiological progenitor cell function, was proposed as a candidate marker of MMSC and its
expression correlated with melanoma progression in patients (Topczewska et al., 2006).
Putative MMSC populations may hence establish their own microenvironment through the
secretion of Nodal or other soluble mediators that may foster surrounding physiological cells
to co-operate in establishing a metastatic tumor focus. An increased expression in metastatic
melanoma biopsies compared with primary lesions and/or benign nevi was also noted for the
stem cell markers CD133, CD166, nestin (Klein et al., 2007; Van Kempen et al., 2000), and
members of the Notch family (Balint et al., 2005; Massi et al., 2006). This correlation of
putative CSC determinants with advanced stages of disease, further suggests a potential role
of MMSC in the metastatic process.

NIH-PA Author Manuscript

The MMSC concept could for example explain why the majority of melanoma cells detectable
in the blood circulation remain unable to initiate metastatic lesions (Fidler and Talmadge,
1986). The clonal origin of heterogeneously diverse melanoma metastases (Fidler and
Talmadge, 1986) might relate to the recruitment of putative tumorigenic MMSC to the premetastasis niche, where they could again give rise to more differentiated progeny. Moreover,
the inherent plasticity associated with putative MMSC populations (Fang et al., 2005; Monzani
et al., 2007) paired with epigenetic and/or genetic alterations might hereby provide for a
selective advantage in adapting to a foreign microenvironment. Finally, tissue-specific
metastasis and a migratory phenotype may be a function of the molecular networks operative
in the physiological precursor cell pool, from which putative MMSC originate.

Perspectives – translational relevance of the MMSC concept
Findings of melanoma subpopulations of primitive molecular phenotype, which display an
embryonic-like differentiation plasticity and increased tumorigenic potential strongly suggest
the presence of MMSC in melanocytic tumors (Fang et al., 2005; Frank et al., 2005; Grichnik
et al., 2006; Hendrix et al., 2003; Monzani et al., 2007; Topczewska et al., 2006). In addition,
distinct sets of molecules and pathways which have been shown to orchestrate normal stem
cell self-renewal and differentiation (Reya et al., 2001), are likewise operative in certain
melanoma subsets (Chin et al., 2006). To study MMSC and to further dissect their biologic
role in neoplastic formation and growth, however, a molecular marker is critically required to
prospectively isolate such melanoma stem-like subpopulations. The identification of
molecularly defined MMSC should shed light on the cellular events driving melanomagenesis
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and may provide improved experimental systems for the discovery of MMSC-targeted novel
therapeutic strategies.
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Chemotherapeutic refractoriness of advanced malignant melanoma may be attributable to
several resistance mechanisms that have been implicated in tumor stem cell biology (Dean et
al., 2005), including the impairment of cancer apoptotic pathways, a relative mitotic
quiescence, and reduced drug accumulation because of high-expression levels of ABC drug
efflux transporters (Gottesman et al., 2002). In particular, tumor cell dormancy and melanoma
recurrence following initial remission may be related to the inability of current therapeutic
regimens to eradicate the putative MMSC compartment.
Moreover, MMSC might also drive metastatic melanoma progression, as indicated by
overlapping signaling networks that regulate both stem cell migration and malignant melanoma
dissemination. The identification and molecular characterization of MMSC subsets could thus
lead to the development of improved biomarkers for diagnosis, disease staging, and clinical
management of melanoma. If MMSC populations are indeed associated with chemoresistance
and malignant melanoma progression in human patients, specific targeting of MMSC via a
molecular marker could provide more potent and selective means for melanoma therapy.
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Figure 1.

Schematic model of a potential relationship between melanocyte stem cells (Melanocyte SC)
and putative malignant melanoma stem cells (MMSC) in the context of distinct physiological
or malignant microenvironments, and overview of defining features and functional properties
ascribed to putative MMSC. (A) Physiological melanocyte stem cells are characterized by a
Pax3+, Sox10− and Mitf− phenotype, which promotes immaturity and quiescence. The balance
between melanocyte SC self-renewal and differentiation, quiescence and proliferation in the
hair follicle is further regulated by Notch and/or Wnt signaling molecules. It is thought that
the homeostasis of these lineage-restricted SC is maintained through interactions with the
physiological microenvironment, mainly composed of E-cadherin-expressing keratinocytes.
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MMSC might arise by cumulative oncogenic mutations and/or loss of tumor suppressors from
long-lived melanocyte stem cells, which already contain the machinery for indefinite selfrenewal. Surface markers that have been associated with melanoma stem-like cells include
ABCB5, CD133, or CD20. Moreover, morphogens such as Nodal or BMP4 may be secreted
by putative MMSC populations. In addition to the neoplastic transformation of the melanocyte
stem cell itself, distinct changes in the microenvironment may facilitate the formation of
MMSC and subsequent MMSC-driven melanomagenesis. A dysregulated, malignant
microenvironment described for melanocytic tumors is characterized by the production of large
quantities of proliferative growth factors, including bFGF, HIF, IGF-1, TGF-β, and VEGF.
These paracrine mediators, produced mainly by N-cadherin-expressing endothelial cells or
surrounding fibroblasts, may drive MMSC proliferation and hence melanoma progression. On
the other hand, MMSC might actively alter their surrounding microenvironment through
secreted factors (i.e., Nodal or BMP), thus sustaining a niche hospitable to tumor initiation and
growth. (B) Defining characteristics of putative MMSC populations and their potential
involvement in melanoma initiation, progression, and resistance. Analogous to the cancer stem
cell (CSC) definition, MMSC should exhibit (1) increased in vivo tumorigenicity, (2) in vivo
self-renewal capacity, and (3) the competence to differentiate into phenotypically diverse
populations, including non-tumorigenic cancer cells present in the original tumor. Regulatory
signaling networks operative in physiological stem cells that have been shown to be
dysregulated in malignant melanoma, such as BMP, Mitf, Notch, Shh, or Wnts, may likewise
modulate the balance between self-renewal and differentiation of MMSC. Molecules that have
been associated with the tumorigenic potential of malignant melanoma, and which might be
involved in MMSC-driven tumor growth, include melanotransferrin (MTf) and Nodal.
Transdifferentiation potential, which has been ascribed to distinct melanoma subsets, might
likewise involve MMSC. In addition MMSC fusion with more differentiated, including
physiological cell types, might represent a possible mechanism by which putative MMSC could
mimic a physiological phenotype and function. The differentiation plasticity of MMSC may
mask malignant populations from immune surveillance and could thus contribute to melanoma
resistance. The mechanisms by which normal stem cells tend to be more resistant than mature
cell types, including increased expression of ABC transporters, relative quiescence,
immunomodulatory functions, or impairment of apoptotic pathways, may likewise contribute
to the refractoriness of putative MMSC. Finally, candidate factors, such as CD166, CXCR4,
or NEDD9, might also play a role in putative MMSC-driven melanoma cell invasion,
migration, and metastasis, as a correlate of their known physiological and pathophysiological
functions.
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