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Abstract

Melanoma stem cells, also known as malignant melanoma-initiating cells, are identifiable through

expression of specific biomarkers such as ABCB5 (ATP-binding cassette, sub-family B (MDR/

TAP), member 5), NGFR (nerve growth factor receptor, CD271) and ALDH (aldehyde

dehydrogenase), and drive melanoma initiation and progression based on prolonged self-renewal

capacity, vasculogenic differentiation and immune evasion. As we will review here, specific roles

of these aggressive subpopulations have been documented in tumorigenic growth, metastatic

dissemination, therapeutic resistance, and malignant recurrence. Moreover, recent findings have

provided pre-clinical proof-of-concept for the potential therapeutic utility of the melanoma stem

cell concept. Therefore, melanoma stem cell-directed therapeutic approaches represent promising

novel strategies to improve therapy of this arguably most virulent human cancer.
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1. Introduction

Melanoma, perhaps even more than many other cancers, is an ideal clinicopathological

example of a malignancy that fits the cancer stem cell model. In early evolutionary phases,

melanoma grows as a flat, non-tumorigenic lesion (radial growth phase) that is virtually

incapable of establishing a durable, tumorigenic metastasis. Accordingly, the vast majority
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of these early, flat melanomas are curable simply by surgical excision. However, once

tumorigenic growth of the invasive component develops within the dermal

microenvironment, even at a microscopic level when tumor volume is in the range of a cubic

millimeter, potentially lethal metastases may ensue that themselves may grow expansively at

distant sites. The cancer stem cell (CSC) model involves different subpopulations of

malignant cells (as opposed to a homogeneous ‘clone’), and for many years it has been well-

recognized that the tumorigenic component of primary melanoma is not homogeneous, as

might be anticipated in a stochastic model of clonal tumorigenesis. Rather, melanomas

exhibit ‘polyclonism’ (Laga and Murphy, 2010), a feature often characterized by a

multiplicity of architectural, cytologic, and immunohistochemical compartments within a

single tumor nodule. This patterning and apparent compartmentalization is consistent with

hierarchically ordered subpopulations of tumor cells that may differ in their respective

capacities to form and drive tumorigenesis through self-renewal, and engage in various

pathways of cellular differentiation. Indeed, well before the discovery and experimental

authentication of melanoma stem cells, Hendrix and co-workers noted differentiation

heterogeneity in melanomas in the form of endothelial gene expression by tumor cells

(Maniotis et al., 1999). This phenomenon, known as vasculogenic mimicry, was posited to

be the consequence of differentiation plasticity in primitive, stem-like melanoma cells

(Hendrix et al., 2003b), a prediction that more recently has been validated using melanoma

stem cell biomarkers and experimental systems and clinical tissues (Boiko et al., 2010;

Civenni et al., 2011; Fang et al., 2005; Klein et al., 2007; Monzani et al., 2007; Rappa et al.,

2008; Schatton et al., 2008; Sharma et al., 2010; Vasquez-Moctezuma et al., 2010).

Primary melanomas are also highly immunogenic among human cancers, but seldom are

they completely so. Two types of immune responses are involved in the primary evolution

of melanoma, one directed against the more superficial component of the lesions, termed

regression, and the other against the deeper invasive portion, referred to as the tumor

infiltrating lymphocyte (TIL) response. Together, such immune responses may be

remarkably successful at ‘melting away’ a substantial portion of the primary tumor, literally

before the eyes of the afflicted patient. But success is generally only partial, and a portion of

the tumor usually persists as cells that seem to be impervious to an otherwise impressive

host immune response. This clinical phenomenon has suggested the possibility that

subpopulations of virulent melanoma cells may preferentially express molecules that shield

them from cytotoxic T cells, or alternatively fail to express melanoma-associated

differentiation antigens. Accordingly, recent findings that cells expressing stem-like markers

in human melanomas also selectively display co-stimulatory molecules capable of

subverting host immune responses (Schatton and Frank, 2009; Schatton et al., 2010) now

appear particularly relevant to melanoma as an informative paradigm for cancer stem cell

behavior.

Once melanomas have spread beyond the primary site, they are extremely difficult to treat.

In human cancer, this feature is known to be in part the result of resistance to drugs that

effectively eradicate bulk tumor populations, but not melanoma stem cells. This protective

attribute of stem cells may reside in expression of drug efflux transporters at the cell

membrane capable of escorting cytotoxic agents to the extracellular space upon attempted

entry (Aleman et al., 2003; Frank et al., 2005). Melanoma has turned out to be a paradigm
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for such stem-like drug resistance when it was shown to convert from a doxorubicin-

resistant to a doxorubicin-sensitive phenotype upon experimental blockade of a drug efflux

transporter later shown to be exclusively expressed by self-renewing, tumorigenic

subpopulations (Frank et al., 2005). Thus, even on the surface, there exist a number of

attributes to melanoma that suggest that it may be a neoplasm in which cancer stem cells

play an important role. The review to follow unfortunately cannot possibly be inclusive and

comprehensive, given the rapid proliferation of data supporting the existence of biomarker-

identifiable melanoma cell subpopulations with self-renewing and tumorigenic properties.

However, it is hoped that it will serve as an update regarding the translationally important

new field of melanoma stem cell (MSC) biology, and will thus assist in driving forward the

necessary research and clinical testing required to eradicate this most deadly of human

cancers.

2. Conceptual Definition of Melanoma Stem Cells

The ability to recognize and study stem cells in any cancer depends on a rigorous and

generally accepted definition. Failure to adhere to such criteria may result in overly

restrictive definitions that contribute to unwarranted skepticism. The cancer stem cell

concept recognizes that malignant tumors, like most healthy tissues, are hierarchically

organized at a cellular level, with specific subpopulations that are primarily responsible for

tumor initiation and propagation. According to this model, CSCs possesses 1) the capacity

for prolonged and sustainable self-renewal that inexorably drives tumor growth; and 2) a

capacity for differentiation to produce heterogeneous lineages of bulk tumor cells that form

the bulk tumor mass but are themselves dispensable for tumor propagation. Implicit to this

concept is that the CSC is capable of self-renewal through cell division that is asymmetrical,

a process whereby two daughters are produced, one with potential to differentiate, and the

second with capacity to continue to function as a CSC.

It is important to emphasize from the outset that it is critical for experimental models to

recognize and adhere to such definitions. Over the years, a multiplicity of features have been

ascribed to CSCs. Accordingly, researchers may emphasize certain characteristics to

describe CSCs in the context of their hypotheses and related findings, producing the

potential for bias and confusion. For example, if one regards rarity or a permanently fixed

hierarchy as defining characteristics for CSCs, deviation from these features may confound

data interpretation and resultant conclusions. Of particular relevance to this potential pitfall

in scientific method and inquiry, the American Association for Cancer Research (AACR) in

2006 developed a working definition of a CSC, identifying it as “a cell within a tumor that

possesses the capacity to self-renew and to cause heterogeneous lineages of cancer stem

cells that comprise a tumor” (Clarke et al., 2006). The hallmark features of a CSC therefore

are self-renewal (that drives inexorable and thus prolonged and sustained tumorigenesis),

and differentiation. As will be seen in the pages to follow, melanoma is no exception to this

definition.
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3. Operational Definition of Melanoma Stem Cells (MSCs)

MSCs, like other CSCs, may be experimentally defined according to their ability to

recapitulate the generation and perpetuation of a continuously-growing tumor. The gold

standard assay for this attribute is the transplantation of patient-derived, purified MSC

subpopulations into immunodeficient recipient mice capable of accepting human tumor

grafts due to inability to mount an anti-tumor immune response. Because MSCs in vivo are

defined as being capable of prolonged self-renewal that drives tumorigenesis, it is incumbent

on such models to conduct experiments for sufficiently long periods in order to minimize the

possibility that non-stem cells may deceptively appear to be stem-like only because they

form tumors that enlarge over non-physiologically short durations. Unlike many other forms

of human tumors, melanoma is also a special situation in that human melanomas tend to be

highly immunogenic, and thus the more immunosuppressed the murine model employed for

tumor graft formation, the potentially more non-physiologic becomes the tumor

microenvironment.

The ability to segregate MSCs and controls (tumor bulk populations or non-MSCs) clearly is

critically dependent upon the use of biomarkers for MSC identification and separation. Like

physiologic stem cells, MSCs are relatively undifferentiated with respect to biomarkers, and

identification of reliable markers has been the subject of intense investigation. Once

separated and engrafted into immunosuppressed animals, however, rates of tumorigencity

are determined and candidate marker-defined MSC subpopulations (or marker-negative bulk

populations) are re-isolated from primary heterogeneous primary tumors and re-grafted to

secondary, and sometimes again to tertiary experimental hosts. Such serial

xenotransplantation assays are required to establish the tumorigenic capacity of MSC

populations, and thus validating the necessary CSC requirement of prolonged and sustained

self-renewal capacity. Serial xenotransplants also must produce tumors that upon

immunohistochemical evaluation retain the phenocopy of cellular heterogeneity displayed in

the original patient tumor, the result of differentiation capacity as well as self-renewal, an

additional cardinal feature of the CSC. In addition, rigorous operational approaches to

defining MSCs employ marker-specific genetic lineage tracing approaches that track

individual cancer cell fates upon concurrent xenotransplantation of MSCs and bulk tumor

populations. This provides rigorous confirmatory evidence for hierarchical tumor

organization and permits further documentation of MSC phenotype and function. An added

benefit of this type of experimental rigor is the opportunity to observe potentially novel

interactions between MSCs and bulk tumor cell populations, such as MSC fusion with more

differentiated tumor cells as a possible mechanism of resistance-associated gene transfer, or

MSC secretion of extracellular matrix and growth factors required for efficient tumor

initiation and expansion. Indeed, such cellular interactions that may be operative in

naturally-occurring cancers, may escape detection when only purified subpopulations of

cancer cells are studied (Frank et al., 2010).

Today, MSCs are identified by biomarkers that either correlate with functional

characteristics in keeping with formal definitions for CSCs, or that label associated antigens

indicative of various functions and cellular behaviors that typify the MSC phenotype. Figure

1 shows two such markers (ABCB5 and CD271) in the context of a patient melanoma, and
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Figure 2 is a schematic that summarizes multiple markers in the context of their proposed

MSC functions. These figures in themselves, and in conjunction with the descriptions that

are to follow, should be of assistance in obtaining an overview of the rapidly evolving MSC

field.

4. Discovery of Melanoma Stem Cells

Now that the conceptual basis and operational rigor required for the definition of CSCs, and

more specifically MSCs, has been briefly addressed, we can focus on what is currently

known about the identification and function of stem-like cells in human malignant

melanoma (Figure 2). In 2005 (Fang et al., 2005), the Herlyn lab at the Wistar Institute

examined melanoma cells isolated from patient metastases as well as from established cell

lines and identified a subpopulation of melanoma cells that could be defined experimentally

by their ability to proliferate as non-adherent spheres when cultured in medium suitable for

human embryonic stem cells (hESCs). They found these “spheroid-forming” melanoma cells

to be enriched in the CD20 surface marker, a hematopoietic phenotype that is normally

associated with mature B lymphocytes. The CD20+ melanoma cells were capable of self-

renewal and differentiation into adipocytic, osteocytic, and chondrocytic, as well as

melanocytic lineages. These cells also exhibited increased tumorigenicity when compared to

adherent cells upon xenografting into SCID (severe combined immunodeficiency) mice.

However, the difference in tumor forming capacity between the non-adherent cells,

spheroid-forming cells, and non spheroid-forming adherent cells was only modest.

Regardless, the properties that were documented, namely of a) self-renewal, b)

differentiation plasticity, and c) tumorigenesis provided important evidence that a subset of

cancer stem cells might exist in human melanoma, as they do in many other forms of human

cancer.

Additional evidence in support of the existence of MSCs emerged when detection of the cell

surface antigen, CD133, a CSC marker previously applied to tumors of the brain (Singh et

al., 2004) and colon (O’Brien et al., 2007; Ricci-Vitiani et al., 2007), was used to isolate a

subset of stem-like melanoma cells from patient biopsies. These CD133+ cells exhibited

enhanced tumorigenic potential when transplanted to immunodeficient mice, and

accordingly were referred to as melanoma stem/initiating cells. In vitro, it was shown that

certain long-term melanoma cell lines also highly expressed CD133, and that the CD133+

subset, as with patient melanoma cells, displayed increased tumorigenicity upon

xenotransplantation. In addition, CD133+ melanoma cells were capable in vitro of

differentiation into mesenchymal as well as neurogenic lineages and to grow as spheres

under serum-free culture conditions. They also expressed angiogenic and lymphoangiogenic

markers thought to contribute to tumorigenicity and later found to be relevant to

differentiation plasticity akin to the phenomenon of vasculogenic mimicry. It remained

unclear, however, whether CD133+ cells were truly capable of self-renewal, a defining

quality of CSCs, and differentiation plasticity was demonstrated only for CD133+

melanoma cells from cell lines. Of interest, however, CD133 was highly co-expressed with

ABCG2, a member of the ATP-binding cassette (ABC) transporter family associated with

dye efflux capabilities characteristic of many stem cells (Monzani et al., 2007). In addition,

a positive correlation between CD133 expression and melanoma progression was
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established by immunohistochemical staining of tissue microarrays (Klein et al., 2007).

Furthermore, it was subsequently determined that down-regulation of CD133 in vitro and in

vivo resulted in slower melanoma cell growth and decreased ability to metastasize (Rappa et

al., 2008), further indicating a potential role for this biomarker in melanoma progression.

Thus, the findings of several laboratories were converging to indicate that subpopulations of

human melanoma cells did indeed show stem-like characteristics. However, a definitive

demonstration correlating a melanoma stem cell marker with all of the necessary attributes

of an authentic melanoma stem cell, as defined by the AACR for other CSCs, remained to

be established.

An important insight into the existence of melanoma stem cells came in the form of a study

concentrating on cell fusion (Frank et al., 2003). It was known that co-culture of pluripotent

embryonic and mesenchymal stem cells with lineage-committed cell types resulted in

hybrids as a result of cell fusion. Moreover, these hybrids could generate differentiated

progeny in vitro and in vivo (Spees et al., 2003; Terada et al., 2002; Vassilopoulos et al.,

2003; Wang et al., 2003; Ying et al., 2002). Although such fusion events were regarded to

represent a model whereby progenitor cells express plasticity and renewal, the underlying

mechanism for this phenomenon was unknown. One candidate for this type of cell fusion

was the ABC superfamily of active membrane transporters known to be expressed on stem/

progenitor cells (Chaudhary and Roninson, 1991; Zhou et al., 2001) and to mediate dye

efflux capacity and multidrug resistance (Allikmets et al., 1998; Cole et al., 1992; Doyle et

al., 1998; Goodell et al., 1996; Goodell et al., 1997; Gros et al., 1986; Leemhuis et al., 1996;

Riordan et al., 1985; Roninson et al., 1986; Spangrude et al., 1995; Spangrude and Johnson,

1990; Ueda et al., 1986; Van der Bliek et al., 1987; Wolf et al., 1993; Zijlmans et al., 1995),

as well as influence membrane fluidity and potential (Aleman et al., 2003). Indeed, one

newly cloned ABC transporter, ABCB5 (ATP-binding cassette, subfamily B, member 5),

was found to mark CD133+ melanocyte progenitor cells and also to determine the

propensity for cell fusion (Frank et al., 2003). ABCB5 expression could also be detected in

cells from an established human melanoma cell line. Thus, by defining a molecular

mechanism for stem cell fusion that resulted in cell growth and differentiation, the potential

relevance of this marker to human melanoma was an obvious next step. Because ABC

transporter proteins also were known to confer drug resistance, it was speculated that

ABCB5 may confer chemoresistance to primitive, stem-like melanoma cells. Indeed,

ABCB5 was found to serve as a drug transporter and chemoresistance mediator in human

melanoma. It also provided a molecular marker for a subpopulation of chemoresistant tumor

cells with stem cell phenotypic markers among melanoma bulk populations. In melanoma

cells, blockade of ABCB5 reversed resistance to doxorubicin, an agent that is ineffective in

clinical melanoma therapy, to enhance cytotoxic efficacy (Frank et al., 2005). The question

then emerged as to whether ABCB5, which defined melanoma cells with a progenitor,

fusion-oriented phenotype, might be a marker for cells that fit a rigorous operational

definition for the CSC phenotype.

In 2008, ABCB5 was indeed shown to be functional biomarker of melanoma stem cells

(Schatton et al., 2008). In contrast to previous studies, the evidence that was assembled to

demonstrate the existence of MSCs involved serial xenotransplantation of prospectively
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isolated subpopulations of melanoma cells, in vivo genetic lineage tracing, and proof-of-

principle targeting of melanoma cells utilizing a monoclonal antibody to ABCB5.

Specifically, when primary patient-derived tumor cells were serially transplanted to

immunodeficient mice, only ABCB5+ melanoma cells proved capable of tumorigenesis,

self-renewal, and differentiation into a heterogeneous population. By genetic lineage tracing,

xenotransplantation revealed a tumor hierarchy in which ABCB5− cells displayed no

differentiation capacity and gave rise only to ABCB5− cells, while ABCB5+ cells restored

both subpopulations. This rigorously indicated that two fundamentally different phenotypes

of cells existed within melanomas under these experimental conditions, with only one

capable of self-renewal and differentiation. If this were true in vivo in humans, one might

anticipate that with tumor progression there might be a positive correlation between ABCB5

expression and the natural evolution of the disease, from primary tumor to metastasis, and

indeed this was identified using tissue microarrays. This correlation has been confirmed

further by Sharma and co-workers (Sharma et al., 2010) who found increasing expression of

ABCB5 with progression from nevi to primary melanoma to metastases.

Implicit to the CSC model is the notion that eradication of the stem cell component of the

tumor, along with non-stem cancer cells, would be critical to effective cancer therapy. In this

regard, it has been found that administration of anti-ABCB5 monoclonal antibodies to nude

mice bearing melanoma xenografts impairs tumor initiation and growth and slows

progression of established tumors via elicitation of antibody-dependent cell-mediated

cytotoxicity directed against the ABCB5+ melanoma population (Schatton et al., 2008). This

type of translational approach to MSC research provides important “proof-of-principle” with

therapeutic implications. Further corroborative support for the stem cell properties of

ABCB5+ melanoma cells has also come from in vitro studies of patient melanoma samples

(Keshet et al., 2008). When melanoma cells were sorted by flow cytometry according to

expression of multidrug-resistance gene product 1 (MDR1), which is co-expressed with

ABCB5 and ABCC2, limiting dilution assays revealed that the MDR1+ fraction contains

more clonogenic cells than MDR- cells, to be preferentially enriched with self-renewing

cells, and to show higher anchorage independence than MDR1− cells when grown on ultra-

low attachment plates. In addition, Kupas et al (Kupas et al., 2011) have shown that RANK

(tumor necrosis factor receptor superfamily, member 11a, NFKB activator), a receptor

activator of NF-κB (nuclear factor of kappa light polypeptide gene enhancer in B-cells 1), is

expressed by melanoma cells in advanced disease, and that these cells co-express ABCB5

and CD133, cycle slowly, and exclusively initiate tumor growth in immunodeficient mice.

The role of ABCB5+ cells in driving melanoma progression has been additionally fortified

by Herlyn and co-workers, who demonstrated that certain mediators of MSC activity, such

as tenascin-C, promote spherogenic growth characteristics and melanoma progression

through maintenance of the ABCB5+ side population that displays stem cell characteristics

(Fukunaga-Kalabis et al., 2010). Thus, the evolving weight of evidence supports the

existence of MSCs, although the precise role of the systemic and local microenvironmental

niche in determining their behavioral characteristics remains an area of active investigation.

Since these seminal early studies, a number of biomarkers for MSCs, as well as their

potentially related implications in retaining the MSC phenotype and function, have been
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elucidated (summarized in Figure 2). In addition to ABCB5, a mediator of chemoresistance

and tumorigenesis, the Aldefluor™ assay has been employed for detection of ALDH activity

of this family of detoxifying enzymes to identify MSC-like cells, and ALDH1A shRNA

knockdown was shown to sensitize melanoma cells to chemotherapy and to impact

melanoma tumor growth (Luo et al., 2012). Regarding metastatic potential, ABCB5 has

been observed to be abundantly expressed in extravasated circulating melanoma cells

relative to primary tumor (Ma et al., 2012), which as already mentioned, was confirmed in a

melanoma patient study where ABCB5 was co-expressed with Receptor Activator of NF-κB

(RANK; (Kupas et al., 2011)) and a larger clinical study using circulating ABCB5+ MSC

detection at the mRNA level (Reid et al., 2013). Whether ABCB5 or RANK are actively

involved in metastasis remains to be investigated. With respect to anti-apoptosis mediators,

RANK is a known activator of NF-κB, an anti-apoptotic transcription factor. Isoforms of the

NGFR/CD271 protein (also expressed by MSCs (Boiko et al., 2010; Civenni et al., 2011);

see Figure 1 and below) are also observed to activate NF-κB and can have anti-apoptotic

roles (Colombo et al., 2012; Fiorentini et al., 2002). In the context of stem cell maintenance,

BMPR1A (bone morphogenetic protein receptor, type IA) has been shown to be co-

expressed with ABCB5 on MSCs (Schatton et al., 2008), and in glioblastoma, BMP4 (bone

morphogenetic protein 4) signaling through BMPR1A regulates the available pool of cancer

stem cells (Piccirillo et al., 2006), and thus may act similarly in melanoma. In terms of stem

cell plasticity, the VEGFR1 (Flt-1) receptor has been observed to co-express with a sub-

population of ABCB5+ melanoma cells, and been shown to be functionally required for

tumorigenesis and the virulence-related phenomenon of vasculogenic mimicry (Frank et al.,

2011). With respect to tumor microenvironment interactions, in addition to VEGF (vascular

endothelial growth factor) interacting with the aforementioned FLT1/VEGFR1 (fms-related

tyrosine kinase 1), the CD166 protein has been shown to be co-expressed with ABCB5 in

melanoma (Frank et al., 2005). CD166 can affect cellular adhesion and primary tumor

growth in melanoma (van Kempen et al., 2004) and play a role in the activation of matrix

metalloproteinases (Lunter et al., 2005). In the context of chromatin modifications/

epigenetic modifications factors, although JARID1B lysine histone demethylase has never

been described or tested in the context of MSCs (there is currently no assay available to sort

live cells based on its activity, as for ALDH), results using a single cell-line indicate that its

activity might be important in regulating different phenotypes of melanoma cells that may

possibly include MSCs or MSC-like cells, although this is currently speculative and requires

experimental validation (Roesch et al., 2010). Concerning immunomodulation, co-

expression with ABCB5 of OX40/TNFRSF4 (tumor necrosis factor receptor superfamily,

member 4), OX40L (OX40 ligand), MHCII (major histocompatibility complex class II),

B7-2 (CD86 molecule) and PD1 (programmed cell death 1) (among others) has been shown

to be involved in the regulation of immune responses to MSC via activation of regulatory T-

cells and downregulation of killer T-cells, potentially protecting MSCs from immune-

mediated destruction (Schatton et al., 2010). Additional biomarkers include CD20, shown to

be a possible MSC marker by multiple groups (Fang et al., 2005; Schlaak et al., 2012;

Schmidt et al., 2011), which is active in the immune system on B lymphocytes, although a

putative functional role has not been investigated in melanomas, indicating it could be a

passive marker. The CD133 (Prom1) glycoprotein, shown to be co-expressed with ABCB5
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in melanoma (Frank et al., 2005), has been claimed by various groups to be active or passive

for cancers, including melanoma, and requires further investigation.

5. Relevance of Animal Models to Melanoma Stem Cells

Despite the compelling evidence in support of melanoma stem cells and the use of

biomarkers like ABCB5 in their detection, there has existed a debate as to whether these

cells behaved according to the CSC model. There is growing evidence that the confusion

regarding the validity of the MSC concept resides in experimental differences among

models and approaches that have resulted in failure in some laboratories to demonstrate that

self-renewal, tumorigenic growth, and differentiation capacity resides exclusively in a stem

cell subpopulation (Table 1). This issue has been recently reviewed by Shakhova and

Sommer (Shakhova and Sommer, 2013), who point out that experimental differences among

laboratories are likely to account for differences in the ability to detect stem cell properties.

One point of contention has been whether MSCs are in fact ‘rare’. While the existing formal

definition of CSCs does not have a specific requirement or threshold for rarity of CSCs

among the bulk tumor population, it is often the case that the majority of cells within a

tumor has a limited lifespan and qualifies as non-stem cells. Schatton et al. in 2008

(Schatton et al., 2008) indicated that in their hands, tumor initiation could be achieved with

far fewer cells than would be required with bulk populations. Data from Quintana et al.

(2008) indicated that the incidence of melanoma initiating cells was as high as 1 in 4

melanoma cells (Quintana et al., 2008). Although we do not currently know what the

incidence of CSCs will be among all existing malignancies, Quintana et al. (2008) averred

that their findings showed that melanoma does not follow the conventional cancer stem cell

model. This assertion was soon challenged by Boiko et al. (2010), who discovered a

CD271+ (low affinity nerve growth factor receptor-positive) melanoma subpopulation that

was responsible for stem cell behavior in mice (Boiko et al., 2010). This work was

supported further by Civenni et al. (2011) (Civenni et al., 2011) and Boonyaratanakornkit et

al. (2010)(Boonyaratanakornkit et al., 2010), who employed markers for CD271 and ALDH

(Aldehyde Dehydrogenase), respectively.

The reason why some investigators have failed to detect MSCs in the same manner of many

other laboratories most likely relates to differences in cell isolation procedures and the

animal models employed. In this regard, it is important to realize that human melanoma cells

grow in a precisely-defined microenvironment that undoubtedly influences their behavior.

Thus, stem cell-related tumorigenicity is not only the product of the stem cell itself, but also

the result of the molecular cues to which it is exposed in the immediacy and dynamism of

the extracellular matrix. These cues may become corrupted early in the experimental

approach to MSC assays. For example, when patient melanoma tissue is dissociated by

enzymatic digestion with collagenase or a combination of dispase and collagenase, MSC

stem cell surface markers critical for assignment of the stem cell phenotype such as ABCB5

and CD271 are better preserved than upon treatment with trypsin (Civenni et al., 2011;

Shakhova and Sommer, 2013). Trypsin thus depletes cells of MSC markers needed for their

identification by FACS (fluorescence activated cell sorting), producing ‘false-negative’ stem

cells capable of initiating tumorigenesis, resulting in the mistaken impression that non-stem
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cells behave like stem cells and thus potentially altering estimates of cell rarity or

hierarchical organization among tumor cells (Table 1).

Another experimental pitfall relates to the fact that melanoma in patients is often highly

immunogenic among human cancers. MSCs, however, have been shown to selectively

express co-stimulatory pathways that may shield them from host immune responses

(Schatton and Frank, 2009; Schatton et al., 2010), and proof-of-principle for the necessity of

MSC immune targeting for inhibition of melanoma tumor formation has already been

demonstrated (Schatton et al., 2008). Indeed, the dependency on the immune system of

CD271+ MSCs to give rise to tumors upon xenotransplantation has been established by the

observation that when CD271− cells are transplanted into partially immunocompromised

mice, there is no melanoma formation, whereas NSG mice fully deficient in immunity

provide, temporarily, a permissive growth environment for CD271− cells (Civenni et al.,

2011). Importantly, tumors derived from such CD271− cells have a different cellular

composition than those derived from CD271+ cells in that the former cannot be propagated

extensively, and thus do not fulfill criteria for derivation from an authentic MSC (Civenni et

al., 2011). Moreover, when MSC tumor initiation capability is also tested in the human-

murine chimeric model that permits melanoma growth in the setting of intact human skin

(not mouse subcutis), tumor initiation was restricted to the CD271+ subpopulation,

consistent with the MSC model.

Finally, some investigators employed significant exposure to Matrigel, which contains

laminin, in their experimental procedures. Laminin is a melanoma mitogen and stimulant of

angiogenesis, and thus is theoretically capable of altering growth characteristics of

melanoma cell subpopulations. The growth characteristics that are measured, as emphasized

previously, ought not to be simply the ability to form a tumor over a relatively short interval

(human melanomas grow over many months to several years), but rather the ability to

sustain tumor growth over multiple rounds of xenotransplantation. In conclusion, if one

carefully interrogates the relatively few studies that purport to show that melanoma does not

conform to the CSC model, one will identify concerns regarding a) cell isolation procedures

that may deplete markers from stem cells or abnormally stimulate non-stem cells, both

potentially responsible for tumorigenic proliferation subject to possible misinterpretation; b)

use of models devoid of any immune response that is a key component of the in vivo stem

cell microenvironment; and c) assays for tumor formation that fall short of demonstrating

sustained growth and retention of stem cell phenocopy over multiple rounds of

tumorigenesis. Table 1 is offered to assist in comparing the experimental approaches utilized

by several of the key studies where apparent disparities existed (Boiko et al., 2010;

Boonyaratanakornkit et al., 2010; Civenni et al., 2011; Kupas et al., 2011; Luo et al., 2012;

Quintana et al., 2010; Quintana et al., 2008; Schatton et al., 2008) with regard to use of

potentially harsh enzymes (e.g. trypsin), variably immunocompromised mice, and Matrigel.

Since the inception of the debate regarding the existence of MSCs in 2008, the

overwhelming majority of peer-reviewed publications elicited by the search term ‘melanoma

stem cell’ provide positive data in support of this concept. Melanoma research in 2013 and

beyond will be driven by a scientific community that must be fully cognizant of the weight

of confirmatory evidence that has accrued regarding the existence and potential biological
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importance of melanoma stem cells. Accordingly, full appreciation of the basis for and

deficiencies in the early debate regarding the existence of melanoma stem cells is key to

informing targeted approaches designed to effectively eliminate these cells that are likely to

be important contributors to the virulence in this most deadly form of human cancer.

6. Melanoma and the Immune Response

In the preceding section, the relevance of immunity to the study of MSCs was emphasized,

specifically in the context of experimental modeling. While the ideal animal model consists

of a fully humanized immune system in an immunocompromised mouse also xenografted

with syngeneic patient melanoma cells (studies in progress in our laboratories), it is critical

to understand the basis for how MSCs interact with host immunity, and how this may affect

therapeutic maneuvers designed to eradicate them. Clinicians have recognized that

immunocompromised patients have a heightened risk of developing cancer, including

melanoma. As described above, a negative correlation has been observed between host

immunocompetence and tumor initiation in animal models of human melanoma, as fewer

melanoma cells were required to initiate tumor growth in more severely

immunocompromised recipients (Quintana et al., 2008). However, when highly

immunogenic cancers like melanoma are studied in immunocompromised animal hosts, such

as NSG (IL-2Rγ (interleukin-2 receptor gamma)−/− NOD/SCID (non-obese diabetic/severe

combined immunodeficiency)) mice, the frequency of tumor initiating cells may be

overestimated because aspects of anti-tumor immunity have been unphysiologically

eliminated (Frank et al., 2010; Schatton et al., 2010). While a relatively large number of

melanoma cells can initiate tumors in severely immunodeficient mice, only a limited number

are able to evade host anti-tumor immune responses and initiate melanoma in less

immunocompromised NOD/SCID mice. This suggests that a subpopulation of cells may

exist that is capable of immune evasion and modulation (Frank et al., 2010). Indeed, several

of the mechanisms by which melanoma stem cells evade antitumor immunity have recently

been identified, with one involving decreased expression of melanoma-associated antigens,

such as MART-1 (melanoma antigen recognized by T cells-1) associated with melanocyte

differentiation and T-cell recognition. T cells specific for and reactive against MART-1 have

been identified in melanoma patients (Lee et al., 1999; Stockert et al., 1998) and thus by

downregulating antigens such as MART-1, tumors are believed to escape anti-cancer

immune responses (Khong et al., 2004). Melanoma stem cells that express ABCB5

(Schatton et al., 2008) have been found to have decreased expression of MART-1 in cell

lines (Schatton and Frank, 2009) and patient samples (Schatton et al., 2010) as well as

decreased expression of other tumor associated-antigens, including BIRC7/ML-IAP

(baculoviral IAP repeat containing 7), CTAG1B/NY-ESO-1 (cancer/testis antigen 1B), and

MAGE-A (melanoma antigen family A) (Schatton et al., 2010). Through downregulation of

these antigens, MSCs may evade antitumor immune responses directed at non-stem cells

expressing tumor antigens associated with a more differentiated malignant phenotype, thus

achieving a state of immune privilege (Schatton and Frank, 2009). This could explain the

relative ineffectiveness of CD8 tumor-reactive T cells in achieving a sustained and complete

antitumor response (Lee et al., 1999).
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MSCs also may evade the immune system via altered expression of major histocompatibility

complex (MHC), induction of immunologic tolerance, and inhibition of IL-2 (interleukin-2)

production. MHC class I molecules normally found on all nucleated cells classically present

antigenic peptides to CD8+ T lymphocytes to activate the adaptive immune response.

ABCB5+ melanoma cells have been demonstrated to have significantly reduced to absent

expression of MHC class I molecules (Schatton et al., 2010). Without MHC class I

expression, melanoma cells cannot be effectively recognized by CD8+ T cell responses, and

antitumor immunity is thwarted. Overall, reduced MHC class I expression represents one of

the principal mechanisms used by tumor cells to evade host antitumor immunity (Aptsiauri

et al., 2007; Khong et al., 2004) and it is thus not surprising that decreased MHC class I

expression is associated with melanoma progression, therapeutic failure, and poor clinical

outcome (Cabrera et al., 2007; Carretero et al., 2008; van Houdt et al., 2008).

ABCB5+ MSCs may also resist immune-mediated rejection by inducing tolerance of

melanoma-specific T cells. B7-2 and PD1 both represent negative costimulatory molecules,

which downregulate immune responses by inducing T cell anergy and activating regulatory

T cells (Treg cells) (Greenwald et al., 2005; Rothstein and Sayegh, 2003). Of relevance,

B7-2 and PD1 are overexpressed on ABCB5+ melanoma cells in established xenografts and

clinical tumor specimens (Schatton et al., 2010). This finding suggests that MSCs may

evade antitumor immunity via downregulation of tumor-specific T cells through signals

provided by negative costimulatory molecules. In this regard, B7-2 expressed by ABCB5+

MSCs induces CD4+CD25+FoxP3+ Treg cells and regulates their production and secretion

of the immunosuppressive cytokine, interleukin (IL)-10 (Roncarolo et al., 2006; Schatton et

al., 2010).

An additional mechanism by which melanoma stem cells may evade antitumor immunity is

via inhibition of IL-2, an immunomodulatory cytokine that activates T cells. In vitro,

ABCB5+ MSCs have been found to inhibit human peripheral blood mononuclear cell

proliferation and IL-2 production more efficiently than ABCB5− melanoma cell populations

(Schatton et al., 2010). Of interest to the discussion regarding animal modeling above, this

may at least in part explain observed differences in frequency of tumorigenic melanoma

cells in IL-2Rγ−/− compared with IL-2RγWT NOD/SCID murine hosts (Quintana et al.,

2008; Schatton et al., 2008; Schatton et al., 2010). Moreover, tumorigenicity assays in the

absence of IL-2 signaling may potentially overestimate the frequency of tumor-initiating

cells due to an impaired antitumor host immune environment and thus may permit tumor

bulk populations that ordinarily do not initiate tumors in immunocompetent hosts to

generate tumors (Frank et al., 2010; Schatton and Frank, 2009). Indeed, if evasion of anti-

tumor immunity by inhibition of IL-2 production is a feature of MSCs, then

xenotransplantation into a murine model that is IL-2 receptor null is not a relevant

environment for determination of frequency of tumor initiating cells in melanoma. In

aggregate, there are a growing number of mechanisms by which MSCs evade the host

immune system to promote tumor growth, including downregulation of melanoma-

associated antigens, decreased expression of MHCI (major histocompatibility complex class

I) molecules, induction of tolerance in T cells, and inhibition of IL-2 production. Given the

association of multiple and discrete immunomodulatory characteristics with cells that

express biomarkers operationally indicative of CSC function, these findings add further
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credence to the importance of MSCs as a well-defined subpopulation that requires serious

recognition in translational approaches to immunotherapy.

7. Origin of Melanoma Stem Cells: Relationship to Physiologic Stem Cells

Cells presumed to represent normal melanocytic stem cells have been identified in the bulge

region of the hair follicle where they exist as a reservoir for replenishing the epidermis upon

demand (Nishimura, 2011; Nishimura et al., 2005). Dermal cells with potential for

melanocytic differentiation also exist (Li et al., 2012). Although rigorous proof that these

cells represent primary physiologic stem cells is accruing, whether melanomas arise from

altered physiologic stem cells, or transform to a more stem-like phenotype as a consequence

of mutations affecting a more differentiated melanocyte (or both), remain open questions.

Nonetheless, as an extension of the CSC model, it is tempting to speculate that melanoma

may arise from more primitive melanocytes rather than from their more differentiated

counterparts. However, histopathological evidence supports the notion that most melanomas

actually arise in the basal cell layer of the epidermis, not in the dermis or hair follicles where

putative melanocyte stem cells are most concentrated. We have found that during

embryogenesis, significant migration of dermal cells potentially representing melanocyte

stem cells into the epidermal layer occurs (Gleason et al., 2008) and this has been

substantiated experimentally (Li et al., 2012), raising the possibility that rare melanocyte

stem cells may persist in the epidermis as potential targets for oncogenic mutation relevant

to the genesis of early melanoma. Indeed, increasing attention is now being given to the

possibility that melanoma arises in association with an extrafollicular melanocyte stem cell

(Hoerter et al., 2012). Because different types of melanoma exist that display radically

different architectural, cytologic, and antigenic characteristics, it is possible that MSCs arise

from both melanocyte stem cells as well as from various stages in the differentiation

pathway, thus potentially accounting for phenotypic heterogeneity among melanomas in a

manner akin to that of different forms of leukemia within specific cell lineages.

It is of potential interest that after wounding or ultraviolet B irradiation, a known melanoma

carcinogen, melanocyte stem cells in the hair follicle exit from their niche before their initial

cell division, and migrate to the epidermis in a melanocortin 1 receptor (Mc1r)-dependent

manner. Here they differentiate into functional epidermal melanocytes that provide melanin

pigment synthesis critical to photoprotection against further damaging effects of ultraviolet

irradiation (Chou et al., 2013). In addition to the possibility that this may promote

accumulation of melanocyte stem cells in the epidermal layer, the involvement of the Mc1r

receptor in this process is of interest in that patients expressing MC1R mutations are known

to be susceptible to the development of melanoma through the PI3K

(phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha)/AKT (v-akt murine

thymoma viral oncogene homolog 1) signaling pathway (Cao et al., 2013). Accordingly,

additional investigations concerning convergence of molecular pathways that affect

melanocyte stem cell biology and melanoma evolution are clearly indicated (Lin and Fisher,

2007).

Might MSC markers themselves play a role in melanomagenesis? In a recent report, Lin and

colleagues (Lin et al., 2013) genotyped over 1000 melanomas and matched controls for 44
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ABCB5-tagging single nucleotide polymorphisms (SNPs) to span a region covering 108.2kb

of the gene on the 7p21.1 locus. Three SNPs associated with decreased melanoma risk were

identified, one associated with non-red, as compared to red hair. Functional studies in

melanoma lines of this SNP correlated significantly with decreased ABCB5 transport

capacity and increased melanin production, consistent with a novel ABCB5 polymorphism

associated with human pigmentation phenotype and melanoma risk. Thus, functional

variation in a prospective MSC marker may be associated with melanoma disease risk,

providing provocative insight into future studies examining potential linkages between

physiologic ABCB5 status in melanocyte precursors, and the role of ABCB5 once malignant

transformation has occurred.

One promising model for discovery of potential links between melanocyte stem cells and

melanoma is the Zebrafish (Hoerter et al., 2012). In this model, more primitive melanocytes

(melanoblasts) have been shown to be responsible for continued regeneration of the

melanocyte pigment pattern in the fish following multiple rounds of mature melanocyte

ablation or fin amputation (Azevedo et al., 2011; Kelsh et al., 2000; O’Reilly-Pol and

Johnson, 2008, 2009). Moreover, the cloning and expression of an early melanocyte stem

cell biomarker, dopachrome tautomerase, allows for detection of melanoblasts at early

developmental stages. Thus, the model is well-suited for studies that will mine the effects of

known melanoma mutagens (e.g. ultraviolet light), or experimentally-induced gene

mutations, on melanocyte stem cell populations.

8. Melanoma Stem Cells and Multistep Tumor Progression

Melanoma has long been regarded as a paradigm for cancer progression. Clark and Mihm

originally advanced the concept (Clark et al., 1969) based on the evolution from a)

melanocytic dysplasia to in situ/radial growth phase melanoma that is essentially incapable

of metastasis, to b) vertical growth phase melanoma with metastatic capacity related to level

and depth of invasion, to c) metastatic disease. An enormous number of studies have

validated this concept at both genomic and proteomic levels. In tissue microarrays that

involve high throughput analysis of biospecimens from each of these stages of progression,

MSC markers have shown a consistent trend toward enhanced expression that correlates

with the progression of disease (Klein et al., 2007; Schatton et al., 2008; Sharma et al.,

2010). How, however, the complexities of MSC phenotype and function may govern

melanoma progression, remains to be determined.

As has been emphasized in the preceding pages, primary tumor formation is driven by

subpopulations of MSCs that express specific biomarkers, two notably being ABCB5 and

CD271 (Boiko et al., 2010; Schatton et al., 2008). Circulating tumor cells during tumor

progression to metastasis would therefore be anticipated to express MSC markers if they are

to be capable of establishing durable tumorigenic metastases that are progressive and

clinically detectable. Ma and colleagues (Ma et al., 2012) have shown in xenograft models

that in animals bearing human melanomas, circulating tumor cells express MSC markers

such as ABCB5, and the expression of such markers in the circulation correlates

significantly with the development of lung metastases. In addition, prospectively isolated

circulating tumor cells were found to be capable of primary tumor initiation and
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development of subsequent metastases upon xenotransplantation to secondary

immunodeficient mice. As previously indicated, Kupas and coworkers (Kupas et al., 2011)

have addressed this issue by examining in melanoma the expression of the Receptor

activator of NF-κB (RANK)-RANKL(RANK ligand) pathways that are involved in

migration and metastasis of epithelial tumor cells. They found RANK to be significantly

increased in primary, circulating, and metastatic melanoma cells from patients with

advanced (stage IV) disease, as opposed to tumor cells from earlier (stage I) disease. The

RANK+ cells co-expressed the MSC markers ABCB5 and CD133, and these cells showed

preferential tumorigenicity in xenograft assays (see also Table 1). Moreover, Reid and co-

workers demonstrated circulating ABCB5+ MSCs to be a significant prognostic marker for

disease recurrence in human melanoma patients (Reid et al., 2013). Thus, MSCs appear to

acquire additional molecules of known importance in systemic dissemination during tumor

evolution.

It is important to consider that aspects of the MSC model may also apply to other forms of

cancer that exhibit similar modes of tumor progression. In this regard, it is of interest that

the MSC marker, ABCB5, also has been shown in the setting of hepatocellular carcinoma,

where it correlates with tumorigenic subpopulations and expression of the pluripotent

growth factor, granulin-epithelin precursor (GEP) (Cheung et al., 2011), as well as in

colorectal cancer, where it mediates 5-FU (fluoruracil) resistance in CD133+ colorectal

cancer stem cells (Wilson et al., 2011).

9. Melanoma Stem Cells and “Epithelial-Mesenchymal Transition”

Epithelial-mesenchymal transition is a term that defines the ability of epithelial cells in

cancers to transition to a more mesenchymal phenotype. This phenomenon is accompanied

by a more invasive and metastatic phenotype, and with the expression of gene programs

more typical of mesenchymal than of epithelial cells. Melanoma is capable of transitions

from tumorigenic growth, where rounded epithelioid cells proliferate in a cohesive manner

to form three-dimensional expansive nodules, to a more infiltrative phenotype where

slender, fusiform cells infiltrate the extracellular matrix singly or in small, streamlined

fascicles. Although both growth phases often co-exist in a given lesion of invasive primary

melanoma, extremes exist where some melanomas may grow as primarily nodular lesions,

while others may be exclusively infiltrative (for example, so called desmoplastic

melanoma). Because a balance and ability to switch bidirectionally between tumorigenic

growth and invasion would appear necessary for full tumor virulence, and because the

invasive phenotype is regarded as a pre-requisite to effective metastasis, melanoma can

certainly be regarded as having some EMT (epithelial-mesenchymal transition)-like

features, leading to the question as to whether such features involve the expression of

mesenchymal genes, and whether such behavior involves MSCs.

It has been known for some time that primitive melanoma cells may promote tumor growth

via vasculogenic mimicry (VM), a phenomenon first described by Hendrix in 1999 as the

ability of aggressive melanoma cells to form extracellular matrix (ECM)-rich, extravascular,

patterned networks in three-dimensional cultures (Hendrix et al., 2003b). Vasculogenic

mimicry involves the production of multiple, laminin-rich networks that are periodic acid-
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Schiff (PAS) positive and surround clusters of tumor cells (Seftor et al., 2001). VM does not

form channels that are lined by authentic, CD31-positive endothelial cells, as in the case of

conventional tumor angiogenesis, although mosaic areas where endothelium and tumor cells

are intimately associated have been described (Zhang et al., 2006). Rather, VM networks are

associated with expression within adjacent melanoma cells of the endothelium-associated

gene CD144, also known as vascular-endothelial (VE) cadherin. Tubular structures formed

in VM resemble primary sinusoidal networks formed during embryonic development, and

these networks in tumors are hypothesized to serve as sites of nutritional exchange and

dissemination routes for metastasis, which may be independent of or function in concert

with angiogenesis (Hendrix et al., 2003a). While the full functional implications of VM

remain to be elucidated, VM is clearly associated with tumor aggressiveness, poor clinical

outcome, and high risk of recurrence (Seftor et al., 2001; Thies et al., 2001; Warso et al.,

2001). Unfortunately, conventional anti-angiogenic therapies, such as endostatin, have been

ineffective at inhibiting VM (van der Schaft et al., 2004).

Are the melanoma cells that result in VM related to MSCs? It is known that VM-producing

tumor cells are highly invasive, multipotent cells that express primitive genes (Hendrix et

al., 2003b) associated with multiple cell lineages, including those of endothelial, epithelial,

pericyte, fibroblastic, hematopoietic, kidney, neuronal, muscle, and several other cell types

(Bittner et al., 2000; Seftor et al., 2002), suggesting they are capable of differentiating into a

variety of cellular phenotypes. Molecular analyses have revealed that these aggressive tumor

cells also express several genes associated with embryonic stem cells, such as Nodal, a

potent embryonic morphogen from the transforming growth factor (TGF)-β family. Nodal

functions to maintain a stem cell-like phenotype in melanoma cells (Topczewska et al.,

2006) and is required for VM and tumor growth. Moreover, Nodal-expressing melanoma

cells are spatially associated with formation of the channel-like networks that characterize

VM (McAllister et al., 2010), suggesting a possible key role for primitive, stem cell-like

melanoma cells in the genesis of VM. Experimentally, inhibition of Nodal signaling impairs

the capacity of aggressive melanoma cells to form VM on a three dimensional collagen

network, reduces melanoma cell invasivenessi, and promotes transition of melanoma cells

toward a more differentiated, melanocytic phenotype (Topczewska et al., 2006). Nodal also

positively correlates with melanoma tumor progression (Topczewska et al., 2006), as is the

case for several other MSC markers (discussed above).

Based on their gene and protein expression profiles, aggressive melanoma cells that are

involved in VM most resemble undifferentiated, primitive, embryonic-like stem cells

(Hendrix et al., 2003a). This suggests that MSCs may give rise to the patterned networks

that typify VM. Indeed, ABCB5+ melanoma cells demonstrate preferential expression of the

vasculogenic differentiation markers tyrosine kinase with Ig-like and EGF-like domains 1

(TIE-1), CD144, and bone morphogenetic protein receptor type 1A (BMPR1A) (Schatton et

al., 2008). Thus, in the phenomenon of VM, MSCs appear to transform from a multipotent,

stem-like phenotype into a more endothelial phenotype that produces vasculogenic-like

networks (Frank et al., 2011).

In addition to forming laminin-rich scaffolds for possible support and stimulation of three-

dimensional tumor growth and providing sinusoidal conduits that collaborate with leaky
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authentic tumor vessels to bathe metabolically active tumor cells with nutrients, VM may

also promote metastases by exposing the most virulent tumor cells to the peripheral

circulation. Because of this, metastasis of melanoma has been likened to the process of

epithelial-mesenchymal transition (EMT), which confers metastatic and invasive properties

to carcinomas (Thiery, 2002) and is a major determinant of melanoma progression (Alonso

et al., 2007; Na et al., 2009; Yang et al., 2009). Classical EMT is a process whereby

polarized, immotile epithelial cells lose cell-cell and cell-matrix connections and acquire the

motile, migratory properties of mesenchymal cells. EMT often involves changes in cell

adhesion molecules, including loss of E-cadherin expression and upregulation of N-cadherin

(Bonitsis et al., 2006), and environmental influences, such as the fibroblast-secreted growth

factor, TGF-β, may encourage this cadherin switch (Hsu et al., 2002; Lee and Herlyn, 2007).

Thus, while VM involves transformation of primitive melanoma stem cells to those with a

more endothelial-like phenotype, epithelial-like cells transform into a spindle-like,

mesenchymal phenotype in EMT. Similar to VM, EMT occurs during embryogenesis,

involves cell-matrix interactions, and is associated with disease progression. Accordingly,

given the plasticity of MSCs, there is likely a link between primitive melanoma cells and

EMT, though the precise relationship requires further investigation. Breast cancer trials

recently demonstrated that EMT enriches the cancer stem cell population (Mani et al., 2008;

Morel et al., 2008). However, whether this is the result of de-differentiation of mature cells,

or accelerated division and increased proportion of self-renewing, pre-existing cancer stem

cells remains to be elucidated (Turner and Kohandel, 2010).

It should be recognized that different MSC-like markers may indicate different pathways of

virulence and cellular behavior. It has been shown, for example, that a subpopulation of

melanoma cells express the embryonic neural crest stem cell transcription factor, SOX2

(Laga et al., 2010). SOX2+ melanoma cells show a more fusiform cytology, a more

peripheral distribution of the stem cell marker, Nestin, and are more invasive in vitro and in

xenograft models (Girouard et al., 2012; Laga et al., 2011). While this may be considered to

link a stem cell marker, SOX2, with EMT-like behavior, it remains unclear as to how such

markers will relate to other MSC markers, and whether the MSC phenotype will ultimately

show complexity with regard to co-expression patterns of different, functionally significant

markers of various components of tumor virulence and melanoma “stemness”.

10. Treatment Efficacy and Melanoma Stem Cells

MSCs are distinctive in a number of ways in addition to their ability to self-renew, form and

perpetuate tumors, and differentiate; they also express a number of pathways that thwart

both endogenous and iatrogenic strategies designed to effect their elimination. One such

strategy is the expression of multidrug resistance (MDR) genes and related functional

proteins. MDR describes the ability to inhibit cancer chemotherapeutic efficacy by mounting

resistance to multiple, structurally unrelated therapeutic drugs with different mechanisms of

action (Gottesman et al., 2002). An MDR pathway of special interest in melanoma is

decreased intracellular drug accumulation accomplished by energy dependent efflux pumps.

These pumps are known as ABC transporters that translocate solutes across the cellular

membrane (Higgins, 1992). ABCB5 is a functional transporter that mediates melanoma

resistance to multiple chemotherapeutic agents, such as doxorubicin (Elliott and Al-Hajj,
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2009; Frank et al., 2005; Huang et al., 2004), and is also a molecular biomarker of

melanoma stem cells (Schatton et al., 2008), as already discussed. ABCB5 blockade

experimentally enhances intracellular drug accumulation and serves to render melanoma

cells sensitive to the therapeutic effects of doxorubicin (Frank et al., 2005). Moreover,

Chartrain et al. (2012) recently showed that ABCB5-expressing cells also selectively survive

when exposed to dacarbazine, the reference treatment of metastatic melanoma, and

vemurafenib, a new inhibitor of the mutated kinase V600E BRAF (v-raf murine sarcoma

viral oncogene homolog B) (Chartrain et al., 2012). Importantly, Chartrain et al. (2012) also

observed that ABCB5-expressing cells were enriched in melanoma patients in vivo

following clinical temozolomide therapy (Chartrain et al., 2012). The multidrug-resistant

gene product 1 (MDR1), another ABC transporter, is also preferentially expressed in human

melanoma cells with stem cell properties (Keshet et al., 2008) and thus the expression of

ABC transporter proteins in melanoma cells capable of self-renewal and differentiation

identifies MDR as another mechanism by which melanoma stem cells promote tumor

growth.

11. Targeted Approaches to Melanoma Stem Cells

Advanced, metastatic melanoma is an extraordinarily challenging cancer to treat due to its

resistance to conventional therapies. Conventional anticancer therapeutics primarily

eradicate the bulk tumor population, which have different properties than the MSC

subpopulation. It has been hypothesized that cancer stem cells represent a pool of resistant

cells in cancer patients (Frank et al., 2010), and as has been discussed in this review, MSCs

are known to be chemoresistant and immunoevasive, and primitive melanoma cells are

capable of the virulence-associated phenomenon of vasculogenic mimicry and possibly

other EMT-like attributes. It follows that therapeutic targeting of the survival mechanisms

employed by MSCs, in combination with eradication of bulk tumor populations, may

increase the efficacy of anticancer therapies and decrease the risk of relapse and progression.

Thus, targeting the very protective pathways and their markers that permit MSCs to evade

detection and destruction may prove to be the most efficacious way to ultimately thwart this

deadly disease. In order to muster all of the necessary resources to this end, it is also

important that the scientific community fully appreciates the rapidly growing data

concerning MSCs, and understands that methodological pitfalls and variations ought not to

jeopardize understanding of the critical biological importance of this virulent subpopulation

of cells. Cells shielded from detection and elimination that possess the selective capacity for

sustained self-renewal and tumorigenesis must not be overlooked in translational research

designed to eradicate melanoma, regardless of whether hierarchies are fixed or

environmentally sensitive, or whether under some circumstances such cells are less rare than

in others.

Targeted approaches eliminating MSCs, either used singly or combinatorially, must consider

first those directed against surface antigens that MSCs uniquely express. Such “direct”

approaches where MSC epitopes are targeted may take several forms in terms of the net

cellular effect (Figure 3), including a) self-renewal blockade; b) induction of anti-MSC

immune responses; c) reversal of drug resistance; and d) differentiation therapy. One key

molecular marker to target is ABCB5, which is not only a biomarker of melanoma stem
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cells, but also provides a mechanism for chemoresistance. Potential therapies against

ABCB5 already have been explored; these include use of monoclonal antibodies (Schatton

et al., 2008) and short hairpin (sh) RNA-mediated knockdown (Elliott and Al-Hajj, 2009;

Huang et al., 2004; Wilson et al., 2011). As proof-of-principle, selective killing of ABCB5-

expressing MSCs via antibody-dependent cell mediated cytotoxicity has been shown to

inhibit experimental melanoma growth in xenografts (Schatton et al., 2008). Notably, both

anti-ABCB5 antibody (Frank et al., 2005)and siRNA gene silencing (Elliott and Al-Hajj,

2009) reversed melanoma resistance to doxorubicin, and gene silencing increased the

sensitivity of melanoma cells to 5-fluorouracil and camptothecin (Huang et al., 2004), thus

demonstrating that targeting of ABCB5 may have additive and potentially even synergistic

effects by combining immune detection and induction of chemotherapeutic sensitization.

Further confirmation of MSC targeting approaches is found in studies involving shRNA-

mediated knockdown of MSC-associated CD133 (Frank et al., 2005), a maneuver that

decreased the growth rate and impaired metastatic capacity of melanoma cells (Rappa et al.,

2008). Other direct targeting approaches have involved the CD20 MSC marker, as described

by the Herlyn laboratory (Fang et al., 2005). Using engineered T cells that recognize and

destroy CD20+ cells, xenografted human melanomas were eradicated in immunodeficient

mice (Schmidt et al., 2011), and clinical application of rituximab (an anti-CD20 antibody) to

a limited number of patients with advanced metastatic melanoma has had promising results

(Schlaak et al., 2012), although the precise mechanism of the therapeutic benefit (MSC

elimination, anti-proliferative effects on melanoma cells, elimination of B lymphocytes)

remains unclear.

Another potential strategy directed at eradicating melanoma stem cells is the induction of a

more differentiated phenotype. Differentiation of primitive tumor cells within a malignancy

may result in tumor deterioration (Pierce, 1983), and differentiation therapy has proved

useful in human glioblastoma where targeting of morphogen-driven signaling pathways by

bone morphogenetic protein BMP4 inhibited tumor growth (Piccirillo et al., 2006). BMP4-

dependent differentiation strategies may also be an effective method of targeting MSCs, as

BMPR1A is known to be preferentially expressed on ABCB5+ cells (Schatton et al., 2008).

The embryonic morphogen, Nodal, represents another potential target in melanoma given its

role in maintenance of a stem cell-like phenotype in melanoma cells (Topczewska et al.,

2006). Both BMP4 and Nodal are also potential targets in anti-VM therapy (see below), as

downregulation of both proteins is known to impair VM and reduce expression of VM-

related genes such as VE-cadherin (Rothhammer et al., 2007; Topczewska et al., 2006). It

may also be possible to induce MSCs to differentiate by altering gene expression profiles

using small non-coding microRNA (Yu et al., 2007) or epigenetic differentiation therapy via

inhibition of DNA methyltransferases and/or histone deacetylases (Arce et al., 2006), both

of which have been shown to induce differentiation of breast CSCs.

Inhibition of molecular pathways that confer “stemness” represents still another approach,

although this remains in its infancy (see Shakhova and Sommer for recent review (Shakhova

and Sommer, 2013)). More indirect therapies focused at VM and immune evasion and

modulation are also potential strategies MSCs. Immunotherapeutic strategies of relevance to

this discussion include cytokines IL-2 and IFNα-2b, as well as newer therapeutic

developments, such as tumor vaccines and specific targeting of the molecules that induce
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immune tolerance to melanoma. IL-2 therapy is of interest given that melanoma stem cells

suppress IL-2 production by T cells as a mechanism of immune evasion (Schatton et al.,

2010), and thus by overcoming melanoma suppression of this cytokine, the anticancer

immune response may be reawakened. Another immunotherapy, tumor vaccination, has

been less efficacious thus far(Rosenberg et al., 2004). Specific molecular targeting of

regulatory elements involved in immune tolerance should focus on negative regulators of the

adaptive immune response, such as B7-2 and PD1, and inhibitory cytokines, such as IL-10,

as all of these appear to be employed by MSCs to downregulate T cells (Schatton et al.,

2010) and thus represent potential molecular targets for immunotherapy. CLTA4 (cytotoxic

T-lymphocyte antigen 4) serves as a ligand receptor associated with B7-2, and its effect is

negative regulation of T cell activation. Two anti-CTLA4 monoclonal antibodies,

tremelimumab and ipilimumab, have already shown promise in initial clinical trials

(Camacho et al., 2009; Ribas et al., 2005; Weber et al., 2009; Wolchok et al., 2010), and a

randomized phase III trial has demonstrated marginally increased survival in patients with

metastatic melanoma who received ipilimumab versus glycoprotein 100 peptide vaccine

(Hodi et al., 2010).

Anti-VM therapy is another indirect strategy to target primitive melanoma cells, and this

approach may be a particularly promising therapy against melanoma, because there is no

known physiologic analog of VM in children or adults. Therefore, anti-VM therapies should

have minimal effects on normal physiological processes (Folberg et al., 2000). Inhibitors of

angiogenesis are ineffective against the tubular networks seen in VM, and it has been

suggested that an efficient anti-VM therapy focus on three aspects: remodeling of the ECM

and tumor microenvironment, blocking biochemical and molecular signaling pathways of

VM, and inhibiting plasticity of tumor cells (Fan and Sun, 2010). Genes involved in the

molecular signaling pathways of VM (e.g. MMP (matrix metalloproteinase), CD144/VE-

cadherin (vascular endothelial cadherin), EPHA2 (EPH receptor A2), laminin 5γ2) can

potentially be downregulated with therapeutic agents; indeed, in in vivo models of murine

melanoma, thalidomide inhibited MMP-2 and MMP-9 expression and VM channel

formation and promoted melanoma cell necrosis (Zhang et al., 2008), and many other such

examples exist. Additional methods of impairing VM may employ monoclonal antibodies,

antisense olignucleotides, or gene knockout of key proteins in signaling pathways. The

potential reliance of VM on the microenvironment, including that immediately surrounding

the genome, stresses the importance of the MSC niche in mediation of all such targetable

attributes of cancer stem cells. Recently, experimental reversal of loss of 5-hydroxymethyl

cytosine (5-hmC), a novel epigenetic marker for melanoma, was shown to inhibit

melanomagenesis in several in vivo models (Lian et al., 2012). Given the importance of

epigenetic events in stem cell behavior during embryogenesis, and considering the reversible

and thus therapeutically amenable nature of epigenetic modifications, this new insight may

provide an exciting platform for additional indirect strategies for manipulation of MSCs.

12. Conclusions and Future Directions

Malignant melanoma is arguably the most virulent cancer to which human flesh is heir.

Because it is visible to inspection as it evolves, and in the context of the vast array of

morphological, molecular, and genomic approaches that have been directed toward its
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understanding, melanoma has historically served as a model for how other cancers evolve

and progress. Indeed, our concepts of pre-malignant dysplasia, in situ carcinoma, and how

progressive stages of invasion correlate with systemic dissemination and development of

durable metastases are largely derived from the study of melanoma. It is not surprising,

therefore, that melanoma is also becoming a widely accepted model for the study of cancer

stem cells. We already have learned from melanoma that stem cells employ extraordinary

stealth in thwarting host defenses and therapies - fending off therapeutic drugs with efflux

pumps; discouraging attacking T cells with co-stimulatory mechanisms that dampen

immunity; deploying pathways for plasticity that enhance virulence, access to nutrition, and

possibly invasion/metastasis; and engaging molecular mechanisms that protect against cell

death by apoptosis. To accomplish these goals, however, melanoma stem cells express

biomarkers that are both detectable and targetable.

The future of melanoma therapy must take these issues into serious consideration.

Melanoma cells are heterogeneous, and it will be increasingly important to target all of the

cells within a tumor, particularly the more virulent ones most capable of self-renewal and

tumorigenicity. It is likely that combinatorial approaches will be needed to eliminate a tumor

as deceptive and treacherous as melanoma in order to catch melanoma stem cells in a

therapeutic “cross-fire” that will recognize all of the different, complementary ways to

synergistically target stem cell-associated markers. It will now be possible to assess efficacy

of therapy early on by defining and profiling the immunopathology of precisely which

subpopulations within a given tumor are actually being eliminated. Just as individual

melanomas are heterogeneous with respect to virulence-conferring cells, so too are

melanomas likely to differ from patient to patient, further emphasizing the importance of

personalized biomarker profiling for targeting of melanoma stem cells.

Despite the growing pains related to the need for standardized definitions and experimental

approaches regarding melanoma stem cells, the recognition that melanoma harbors cancer

stem cells represents a major advance in our thinking about this potentially deadly

neoplasm. There is thus growing momentum to utilize this understanding toward therapeutic

benefit, and the near future will hopefully fulfill the clinical promise so tightly linked to

these fundamental biological insights.
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Figure 1. Dual Labeling for ABCB5 (green) and CD271 (red) melanoma stem cell markers in
patient melanoma
Note the restriction of reactivity to small clusters of tumor cells (two independent sites

represented in left and right columns), and the co-expression of the two markers on the same

cells, as evidenced by fluorochrome mixing to produce yellow-orange in the merged image

(methods as per reference (Frank et al., 2011)).
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Figure 2. MSC phenotypes and inferred roles of putative markers
Clockwise from top left: Chemoresistance and tumorigenesis, metastasis, stem cell

maintenance, vasculogenic mimicry, tumor microenvironment interactions, chromatin

modifications/epigenetics, immunomodulation, and passive or active markers.
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Figure 3. Potential strategies to target MSCs
Top left: Targeting of the self-renewal pathway of MSCs disabling their ability to replicate.

Top right: Blocking chemotherapy resistance mediators (such as ABCB5 or ALDH)

combined with standard chemotherapy to sensitize MSCs to drug-based killing. Bottom left:

Modification of MSCs with drugs to initiate differentiation that would then undergo

apoptosis, or be sensitized to chemotherapies. Bottom right: Utilization of MSC-specific, or

MSC/bulk tumor-shared antigens to develop patient vaccines to enhance endogenous

immune responses to destroy MSCs. Similarly, eliciting antibody-dependent cell

cytotoxicity (ADCC) via administration of monoclonal antibodies to MSC-restricted

antigens represents an additional means of for patient immune cells to specifically target the

melanoma stem cell component of the tumor.
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