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A B S T R A C T

Melanoma, like most cancers, is a disease that wreaks havoc mostly through its propensity

to spread and establish secondary tumors at sites that are anatomically distant from the

primary tumor. The consideration of models of cancer progression is therefore important

to understand the essence of this disease. Previous work has suggested that melanoma

may propagate according to a cancer stem cell (CSC) model in which rare tumorigenic

and bulk non-tumorigenic cells are organized into stable hierarchies within tumors. How-

ever, recent studies using assays that are more permissive for revealing tumorigenic poten-

tial indicate that it will not be possible to cure patients by focusing research and therapy on

rare populations of cells within melanoma tumors. Studies of the nature of tumorigenic

melanoma cells reveal that these cells may gain a growth, metastasis and/or therapy resis-

tance advantage by acquiring new genetic mutations and by reversible epigenetic mecha-

nisms. In this light, efforts to link the phenotypes, genotypes and epigenotypes of

melanoma cells with differences in their in vivo malignant potential provide the greatest

hope of advancing the exciting progress finally being made against this disease.

Crown Copyright ª 2010 Published by Elsevier B.V. on behalf of Federation of European

Biochemical Societies. All rights reserved.

1. Melanoma progression

Melanoma is eminently curable if primary tumors are

detected at an early stage and surgically removed. Because

of this, monitoring of high-risk patients and of pre-malignant

lesions such as dysplastic nevi is frequently recommended.

However, a high proportion of melanomas arise de novo and

not in association with previously benign nevi (Weatherhead

et al., 2007). Because of this, not all primary melanomas pres-

ent at a stage that is reliably curable by surgery, and over 10%

of patients present with metastatic disease (Hu et al., 2009).

Therefore, despite the importance of understanding melano-

magenesis to improve primary prevention, appreciating how

melanomas propagate after the establishment of a primary
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ava i lab le at www.sc ienced i rec t . com

www.e lsev ie r . com/ loca te /molonc

1574-7891/$ e see front matter Crown Copyright ª 2010 Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies. All rights reserved.

doi:10.1016/j.molonc.2010.06.006

M O L E C U L A R O N C O L O G Y 4 ( 2 0 1 0 ) 4 5 1e4 5 7

mailto:mark.shackleton@petermac.org
www.sciencedirect.com
www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2010.06.006
http://dx.doi.org/10.1016/j.molonc.2010.06.006
http://dx.doi.org/10.1016/j.molonc.2010.06.006
http://dx.doi.org/10.1016/j.molonc.2010.06.006


tumor is critical to reduce the physical and economic burden

of this disease.

Conceptually, cancer propagation is proposed to occur

according to various models, each of which provides an inde-

pendent explanation of the phenotypic and functional hetero-

geneity that is often apparent among cells within a malignant

tumor. The first is the cancer stem cell (CSC) model (Dick,

2008; Lobo et al., 2007; Reya et al., 2001), in which tumor

growth is primarily driven by rare populations of highly tu-

morigenic cells that not only renew their own malignant po-

tential, but also give rise to bulk populations of other cells

that are irreversibly less- and/or non-tumorigenic. Second is

the clonal evolution model (Fearon and Vogelstein, 1990;

Foulds, 1958; Lengauer et al., 1998; Nowell, 1976), in which

a high proportion of cells in a cancer has the potential to drive

disease progression and in which certain cells acquire addi-

tional genetic mutations that provide an advantage in growth

and/or metastasis capability. More recently, the separate no-

tion of cancer cell plasticity, or interconversion, has been in-

creasingly recognized in the literature as contributing to

cancer cell heterogeneity and progression of malignant dis-

ease (Gupta et al., 2009; Mani et al., 2008; Marusyk and

Polyak, 2010; Pinner et al., 2009; Roesch et al., 2010; Sharma

et al., 2010). The interconversion model refers to reversible

switching of cancer cells between more and less actively ma-

lignant behaviors thatmay be associated with phenotypic dis-

tinctions and differences in therapy responsiveness between

cells. In fact, although these models are conceptually quite

different, they are not mutually exclusive, and it is likely

that at least some cancers use more than one of these models

at different stages, or even simultaneously, during their evolu-

tion in a patient (Marusyk and Polyak, 2010; Shackleton, 2010).

How doesmelanoma progress? From a clinical perspective,

melanoma is generally considered to be a highly aggressive

cancer, although a small subset of patients with metastatic

melanoma has a relatively indolent disease course (Tsao

et al., 2004). Histologically, mitoses are frequently apparent

in sections of melanoma tumors and staining for proliferative

markers such as Ki67 is usually positive (Ohsie et al., 2008). In

this light, it would be surprising if melanoma progressed

according to a model in which tumorigenic cells were rare.

However, cellular heterogeneity is also a histological feature

of many melanomas, and studies of cell surface marker ex-

pression indicate that multiple, phenotypically distinct sub-

populations of melanoma cells exist within tumors (Fang

et al., 2005; Quintana et al., 2008; Schatton et al., 2008).

The basis of this heterogeneity has been the subject of in-

tense debate among melanoma biologists e and rightfully

so. If melanoma cell heterogeneity develops in the context

of a CSCmodel, then separate identification, study and thera-

peutic targeting of the rare tumorigenic cell population should

result in great clinical benefit to patients. Furthermore, study-

ing melanoma tumors as a whole is likely to mask the critical

drivers of melanoma progression if these drivers are only

present in a rare minority of the cells. However, if a high pro-

portion of melanoma cells has tumorigenic potential and is

subject to ongoing and extensive genetic and/or epigenetic

change, the implications for managing this disease would be

profound. For example, targeting single oncogenic mecha-

nisms to which tumors are supposedly ‘addicted’ (Weinstein

and Joe, 2008) may be only fleetingly beneficial in genetically

unstable melanomas in which resistance mechanisms rap-

idly emerge. Similarly, cancer cells that are able to avoid

therapeutic intervention by transiently switching to epigenet-

ically-determined states of resistance may require a multi-

pronged treatment approach (Sharma et al., 2010).

2. Melanoma and the cancer stem cell model

Several studies have correlated the phenotypic heterogeneity

of melanoma cells with differences in cell behaviour. Fang

et al. (2005) evaluated in vitro clonogenicity in melanoma cells

by utilizing their ability to form spherical aggregates of cells in

non-adherent culture conditions. Spherogenicity was identi-

fied in only a proportion of cells isolated from melanoma tu-

mors, and at least some cells derived from spheres could

form tumors when transplanted into immunocompromised

mice. Heterogeneity of CD20 expression was noted among

cells derived from melanoma sphere cultures, and cells from

the CD20þ subpopulation showed a greater capacity to form

secondary spheres than CD20� cells, suggesting an associa-

tion betweenmarker expression and clonogenicity in cultured

melanoma cells. In support of this concept, Gedye et al. (2009)

identified subpopulations of CD133þ cells in early passage

melanoma cell lines that displayed increased clonogenicity

in soft agar culture comparedwith CD133� cells. Interestingly,

in this study no differences in two-dimensional adherent

growth were seen between cells according to expression of

CD133, indicating that culture conditions can affect the evalu-

ation of clonogenicity in melanoma cells.

An important question arising from these studies is

whether the cells that were not clonogenic in vitro were tu-

morigenic in vivo. Tumorigenicity, a key component of malig-

nant behaviour, is a property of cancer cells that by definition

can only be demonstrated in vivo. Although clonogenic poten-

tial must exist in a cell for tumor formation to occur, it is not

knownhowwell thenormal in vivo environment that supports

clonogenic tumor growth in patients is recapitulated in vitro.

In fact, melanoma cells isolated from patients are often diffi-

cult to grow in culture, despitedisplayingovert tumorigenicity.

We have tested melanoma cells purified from six tumors

obtained frompatientswithmetastatic disease for their ability

to formcolonies in culture conditions thatwe have found to be

supportive of melanoma cell growth (Fig. 1a). Each melanoma

contained a high proportion (13%e70%) of cells with tumori-

genic potential when evaluated in immunocompromised

NOD/SCID IL2Rg�/� (NSG) mice, a highly permissive model

for this purpose (Quintana et al., 2008). However, only four of

thesemelanomas contained cells that proliferated and formed

colonies in non-adherent culture. In three experiments, we

also cultured cells adherently after plating on tissue culture-

treated plastic (adherent culture on Matrigel did not increase

the detectable frequency of clonogenic cells compared to cul-

ture on plastic; data not shown). Although the frequency of de-

tectable clonogenic cells was generally higher in adherent

culture than in non-adherent culture (Fig. 1a), in most cases

the proportion of colony-forming cells identified in any culture

condition was several-fold lower than the proportion of

tumor-forming cells identified in NSG mice (Fig. 1a). Notably,
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