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Abstract

Melanoma is an exceptionally aggressive cancer with limited treatment options. As such, the idea 

that a minority of tumor cells, termed melanoma stem cells, are actually responsible for the 

progression of the disease offers up new possibilities for targeted therapies. However, reliable 

identification of these melanoma stem cells is complicated by the lack of clearly defined markers 

to distinguish them from the general tumor cell population. Additionally, there is evidence that 

under permissive conditions, a high proportion of melanoma cells are capable of forming tumors 

in mice. This review summarizes a number of the possible markers being considered for 

identifying melanoma stem cells, the potential role of transcription factors that regulate 

pluripotency and stem cell maintenance in melanoma, and evidence that may undermine the 

applicability of the cancer stem cell hypothesis to melanoma.
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2. CANCER STEM CELLS AND MELANOMA

The cancer stem cell hypothesis is built around the idea that only a subset of cancer cells is 

capable of maintaining and driving the progression of the disease. While the existence and 

role of cancer stem cells is well established in acute myeloid leukemia, cancer stem cell 

populations have also been identified in cancers of the colon, breast and brain (1-4). Thus, in 

many solid tumor cancers, cancer stem cells are now believed to be necessary for tumor 

formation, as well as resistance to chemotherapy and eventually escape from remission. The 

observation of putative cancer stem cells in other solid tumors has led researchers to 

investigate their existence in melanoma. While the qualifications for melanoma stem cells 

have generally been defined (tumorigenicity in xenograft, spheroid formation and self-

renewal in non-adherent culture, some degree of plasticity/transdifferentiation potential), the 

markers used to identify these cells from the general tumor cell populations remain in 

debate. Reviewed here are a number of potential melanoma stem cell markers, the evidence 
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supporting and disputing the cancer stem cell hypothesis in melanoma, and possible 

mechanisms of enhanced “stemness” in melanoma. Notably, the controversy regarding stem 

cells in melanoma has led many in the field to focus on the stem cell-like properties of the 

critical melanoma propagating cell/tumor-initiating cell population.

3. POTENTIAL MARKERS OF MELANOMA STEM CELLS

3.1. ABC transporters

ATP-binding cassette (ABC) transporters are a vast family of transmembrane proteins that 

exist in all organisms, from prokaryotes to humans. The transporters use ATP to actively 

transport toxic molecules out of cells (5). Interestingly, some of these transporters have been 

demonstrated to be expressed in highly tumorigenic subpopulations of melanoma, 

suggesting that they may be markers of melanoma stem cells.

Perhaps the most noteworthy ABC transporter identified as a potential marker is ABCB5. 

Expression of ABCB5 increases during melanoma progression in human tumor samples. 

Furthermore, ABCB5+ cells were able to resist treatment with doxorubicin (6) and were 

more tumorigenic than ABCB5− cells in xenograft assays. Suggestive that it may serve as a 

marker of a melanoma stem cell subpopulation, ABCB5+ melanoma cells expressed markers 

of undifferentiated cells, including CD133, CD166 and nestin, and had the ability to 

reestablish a heterogeneous tumor with both ABCB5+ and ABCB5− cells. Importantly, 

when animals were treated with antibodies against ABCB5, tumor growth in xenograft 

experiments was almost completely ablated due to antibody-dependent cell-mediated 

cytotoxicity in ABCB5+ cells (7). While a role for ABCB5+ melanoma cells in 

chemotherapy resistance and escape from remission would not be surprising, ABCB5 

expression may also have traits beyond drug resistance that may help tumor formation in the 

first place. Recently, ABCB5+ cells were shown to be able to inhibit IL-2-dependent T-cell 

activation, thereby preventing efficient surveillance by the immune system (8). Also, 

ABCB5 allows melanoma cells to maintain hyperpolarized membranes and polyploid 

genomes, similar to that seen in skin progenitor cells, suggesting a direct role in the 

“stemness” of ABCB5+ cells (6, 9). It should be noted that not all xenografts using 

ABCB5+ cells produced tumors, suggesting other subpopulations may exist and that 

ABCB5 expression is not sufficient for tumor initiation (7). This is not surprising since 

ABCB5 is also expressed quite highly by normal melanocytes in addition to melanoma (10, 

11).

While ABCB5+ cells were not analyzed for their ability to self-renew in culture, Keshet, et 
al demonstrated that a melanoma subpopulation expressing a different ABC transporter, 

MDR1, displayed enhanced self-renewal properties (12). MDR1+ cells exhibited less 

pigmentation than MDR1− cells, a sign of non-differentiation. Furthermore, MDR+ cells 

possessed the ability to continuously self-renew when grown in soft agar and expressed the 

pluripotency and self-renewal regulators, human telomerase reverse transcriptase (hTERT) 

and nanog. However, the tumorigenicity of MDR1+ cells in xenografts compared to MDR1− 

cells was not examined in this study. While MDR1 likely contributes to the resistance of 

melanoma to chemotherapy, its contribution to the “stemness” of melanoma cells remains 

unclear. It is important to note that while MDR1+ cells did exhibit cancer stem cell-like 
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properties in vitro, the cells also co-expressed ABCB5 and ABCC2 mRNAs, suggesting that 

a number of ABC transporters may be expressed the same subpopulations (12).

An additional ABC transporter that may mark melanoma stem cells is ABCG2. While not 

assessed independently for its ability to mark tumorigenic melanoma cells, ABCG2 was 

found to be co-expressed with CD133 in tumor-initiating melanoma cells (13).

3.2. CD133

CD133/prominin-1/AC133 is a transmembrane glycoprotein normally expressed on dermal-

derived and hematopoietic stem cells, as well as endothelial progenitors, highlighting it as a 

marker of undifferentiated cells (14, 15). Since being identified as a marker of brain tumor-

initiating cells (4), CD133 has been pursued as a marker of cancer stem cells in a variety of 

cancer types (16-18). As such, it is of little surprise that the melanoma field has examined 

CD133 as a marker of melanoma stem cells. Interestingly, while histological analysis found 

scattered expression of CD133 in patient samples, expression of CD133 did not correlate 

with prognosis. Additionally, nested CD133 staining could be seen in benign nevi, clusters 

of melanocytes that have undergone proliferation followed by subsequent senescent-like 

growth arrest (19, 20). This finding could be interpreted as the presence of stem cell-like 

populations in nevi, as well (21). Despite the lack of correlation with cancer grade, others 

have found CD133 to be expressed on tumorigenic subpopulations of melanoma (6, 7, 13). 

Of these studies, Monzani, et al found that CD133+ cells isolated from patients were able to 

efficiently form tumors in mice, whereas CD133− cells were not (13). Interestingly, cultured 

WM115 cells also expressed high levels of CD133. When WM115 cells were grown as non-

adherent spheroids or xenografted into mice, CD133 expression became limited to a 

minority of tumor cells, similar to that seen in patient samples. When cells were isolated 

from the xenografts, CD133 expression was gradually restored in the cultured cells. The 

changes in CD133 expression observed in xenografts may reflect the high differentiation 

potential of CD133+ cells; however, the reestablishment of CD133+ cells in culture may 

indicate that expression of CD133 is readily switched on and off by melanoma cells 

depending on their environmental conditions.

An interesting complication to the use of CD133 as a marker for melanoma stem cells is its 

frequent co-expression with a number of the aforementioned ABC transporters. CD133 has 

been found to be frequently co-expressed with ABCB5 and ABCG2, with ABCG2 showing 

similar patterns of loss and re-expression under xenograft and cell culture conditions as seen 

with CD133 (6, 7, 13). In addition, CD133 also co-expresses with CD166/ALCAM, another 

potential cancer stem cell marker (22, 23). As of yet, efforts have not been made to resolve 

the tumorigenic capacity of cells with different co-expression patterns, i.e. CD133+/

ABCB5+ versus CD133−/ABCB5+.

3.3. Nestin

Nestin is a type VI intermediate filament that is highly expressed in stem cells, especially 

those of the neural crest, as well as newly formed endothelial cells and myogenic precursors, 

which give rise to cardiac and smooth muscle (24-27). Interestingly, heterogeneous 

expression of nestin can be found in a variety of adult tissues raising the possibility that it 
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corresponds with adult stem cells found in many tissues (26). Unlike possible melanoma 

stem cell markers CD133 and CD166, nestin expression has been shown to correlate with 

melanoma progression and prognosis, with increased expression seen in later stages of the 

disease and in patients with decreased 5-year survival rates (21, 28, 29). However, one 

possible complication with using nestin expression as a prognostic biomarker in tumor 

samples is its high expression in newly formed blood vessels, which are likely to be enriched 

in more aggressive tumors (24, 25, 29). Despite the likely contribution of nascent endothelial 

cells to nestin staining in tumors, melanoma cells in culture and those found in the 

peripheral blood of patients with melanoma have been shown to express high levels of nestin 

(30). As such, care must be taken when analyzing nestin expression in tumor samples as to 

which cells are contributing to the staining.

Similar to the ABC transporters found in potential melanoma stem cell populations, nestin is 

likely to contribute directly to aggressiveness of the disease. In agreement with the previous 

observations in melanoma, nestin expression was shown to increase in prostate cancer as the 

disease progressed to metastasis. Interestingly, knockdown of nestin in aggressive prostate 

cancer cell lines significantly impaired the ability of cells to migrate, invade and metastasize 

(31). Despite a clear contribution to prostate cancer cell mobility, the mechanism(s) by 

which nestin works is unclear. Nestin has been shown to heteropolymerize with vimentin, 

possibly influencing vimentin-bundle turnover, and may interact with microfilaments and 

microtubules through its long carboxyl-terminus (26, 27, 32). These interactions might make 

nestin a master orchestrator of cytoskeletal dynamics. While the contribution of nestin to 

melanoma aggression has not been explored, it is reasonable to assume that its role in 

melanoma will be similar to that in prostate cancer. This could easily expand the use of 

nestin from a biomarker to a target of therapeutics.

3.4. Other markers

Some additional markers have been explored in the hunt for the most reliable marker of 

tumorigenic melanoma cells. One early marker described is CD20/MS4A1, a membrane-

spanning member of the 4A gene family that plays a role in the differentiation of B-cells into 

plasma cells (33). Fang, et al found that freshly isolated tumor cells, as well as some 

melanoma cell lines, gave rise to non-adherent spheroids when cultured in mouse embryo 

fibroblast (MEF)-conditioned embryonic stem cell media. These spheroid cells 

heterogeneously expressed CD20, while adherent cells were devoid of staining. As with 

many of the above markers, CD20+ cells alone appeared responsible for spheroid cell self-

renewal and differentiation into CD20− cells. CD20+ cells also possessed a greater capacity 

for transdifferentiation into adipose, bone, and chondrocyte-like cells, hallmarking their 

pluripotency. Spheroid cells where found to be generally more tumorigenic than adherent 

cells (3-fold higher tumor formation); however, what is not clear from this study is whether 

CD20+ cells account for difference between the two groups of tumor cells (34). While other 

groups have looked at CD20 expression alongside other stem cell markers, correlation with 

tumor development has yet to be established (7, 35).

In contrast to the single marker/subpopulation studies mentioned before, Held, et al 
identified several subpopulations within several different murine melanoma models (36). 
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Cells extracted from tumors fell into three subpopulations: CD34+/p75−, CD34−/p75−, and 

CD34−/p75+. Interestingly, each of these subpopulations had different tumor-forming 

properties and potential to reestablish tumor heterogeneity. The CD34+/p75− subpopulation 

exhibited the greatest ability to establish new tumors, but only gave rise to more CD34+/

p75− cells. Interestingly, CD34−/p75− cells, which were less tumorigenic than CD34+/p75− 

cells, possessed the ability to reform a heterogeneous tumor. By contrast, CD34−/p75+ cells 

rarely formed tumors. These experiments utilized tumor cell transplantation between 

syngeneic mouse strains, which unlike the aforementioned xenograft experiments, maintain 

a normal immune system as well as the tissue microenvironment from the original tumor. 

This system may prevent unintentional selection against tumorigenic subpopulations that are 

poorly adapted to survival in the alien environments found in most xenografts.

In striking contrast to Held’s findings, Boiko, et al recently reported that in melanoma cells 

implanted in mice directly after isolation, cells expressing p75 (CD271) were considerably 

more tumorigenic than their CD271− counterparts. CD271+ cells frequently lacked markers 

of differentiated pigment cells, including MART1, TYR, and MAGE, further supporting the 

idea that melanoma stem cells are poorly differentiated. A major strength of this paper 

comes from the use of cells isolated from tumors of various stagings and from number of 

locations (37). This sample diversity lends strength to the usage of p75NGFR/CD271 as a 

broadly-applicable marker of tumorigenic cells. However, while CD271 expression was a 

reliable marker in tumors from a variety of origins, information regarding the mutations (i.e. 

B-RAF, NRAS, c-Kit) present in the tumor cells was lacking. It would be interesting to 

know whether CD271-expression correlates with certain genotypes. This might help rectify 

differences seen between human patients and mouse models, which are generally genetically 

uniform.

4. CANCER STEM CELLS, A TECHNICAL ARTIFACT?

Given all the efforts to identify markers that define a melanoma stem cell population, one of 

the most interesting and complicating observations in field was recently reported by 

Morrison and colleagues (35). They utilized selective conditions to enhance the efficiency of 

tumor take and formation, even to the point of single cell injections. In their experiments, 

they mixed melanoma cells with Matrigel prior to injection into highly 

immunocompromised NOD/SCID interleukin-2 receptor gamma chain null (Il2rg−/−) mice 

and extended the analysis time for tumor growth. Using these conditions, on average, 27% 

of melanoma cells injected directly from patients were able to form tumors. This is in sharp 

contrast to other groups that used no less than 100,000 cells to establish tumors (7, 34). 

Interestingly, when a number of potential melanoma stem markers (A2B5, CD44, CD49b, 

CD49d, CD49f, CD54, c-Kit, HNK1, L1CAM, CD133, CD166, MCAM, E-cadherin, N-

cadherin, and p75 NGFR) were analyzed, no substantial difference in tumor formation could 

be seen between marker-positive and marker-negative cells. It would be interesting to know 

whether tumors from marker-positive or marker-negative cells formed equivalent tumors 

with regard to tumor invasion, angiogenesis, or resistance to chemotherapy between the 

resulting tumors. Differences in these properties may highlight a role for melanoma stem 

cells besides regulation of tumor growth. Nonetheless, these observations point away from 
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the cancer stem cell hypothesis and towards the earlier, non-hierarchical hypothesis of tumor 

initiation.

So does this mean that the cancer stem cell hypothesis does not apply to melanoma after all? 

Not necessarily. While the above study shows convincingly that a high proportion of 

melanomas cells have the capability to form tumors given the right conditions, there are a 

number of possible explanations for the differences described by other groups. Firstly, the 

xenograft conditions utilized by the Morrison group may be so favorable that even non-

aggressive cancer cells could proliferate to the point of forming tumors. While primary 

human melanocytes and mesenchymal stem cells were unable to form tumors in these 

conditions, it would be interesting to see whether weakly malignant cell types would display 

high tumorigenic properties. One can also imagine that under ideal conditions, tumor cell 

growth in a xenograft might parallel that of growth in a cell culture dish. Indeed, many 

tumor cells grow quite well in culture without the apparent need of cancer stem cells to keep 

the culture growing. Perhaps melanoma stem cells need the challenges of an inhospitable 

environment to demonstrate their importance. Cells may not need the drug efflux properties 

of ABC transporters or the pro-migratory properties of nestin for tumor initiation under 

these conditions. Another possible explanation is that as a tumor progresses to metastasis, 

the proportion of cancer stem cells is greatly enriched. As such, tumors taken from patients 

with advanced disease may simply consist of a very high proportion of tumorigenic cells. 

There is even evidence that primary tumors may be enriched for aggressive cells via self-

seeding from distant metastases (38). Overall, the lack of association between tumor-

formation and marker expression may simply reflect the need to identify more reliable 

markers for melanoma stem cells.

One further explanation may involve the possible reprogramming of “ordinary” melanoma 

cells into melanoma stem cells by altering the microenvironmental conditions. Melanoma 

cells are highly plastic cells, and as with all cancer cells, have a degree of genetic and 

epigenetic instability. As such, it is imaginable that melanoma cells might, perhaps in 

response to environmental cues, flip back and forth between differentiated and 

undifferentiated states. Notably, the use of co-injected Matrigel in the tumor formation 

assays is a potential influencing factor and the production of laminin (and/or other 

components enriched in Matrigel) in the cancer stem cell niche may be required for the 

propagation of the cancer stem cell population. While it has been established by other 

groups that tumors formed by marker-positive cells are heterogeneous for marker expression 

(7, 34), it would be interesting to know whether heterogeneous populations could be found 

in tumors spawned from marker-negative cells. As mentioned above, CD133 was found to 

be highly expressed in cultured WM115 cells, lost in all but a minority of cells in xenografts 

and spheroid culture conditions, and then re-expressed when cells were put back into normal 

culture (13). This suggests that melanoma cells may alter their stem cell-like properties 

depending on there culture conditions, and that differentiation is not strictly unidirectional. 

Additional support for the idea of a transient tumor-promoting subpopulation comes from 

Roesch and colleagues. Recently, they demonstrated that melanoma cells expressing high 

levels of the H3K4 demethylase JARID1B were essential for long-term tumor growth in 

xenografts. Interestingly, while JARID1B+ cells could give rise to both JARID1B+ and 

JARID1B− cells (in keeping with other cancer stem cell markers), JARID1B− cells could 
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also give rise to JARID1B+ cells to a lesser extent, indicating a dynamic nature to melanoma 

stem cells (39). If, in fact, tumor cell reprogramming is occurring, what might be mediating 

it?

5. TRANSCRIPTION FACTORS: POSSIBLE ON-SWITCHES FOR 

MELANOMA STEM CELLS?

While the debate over which marker (or markers) best define the tumorigenic subpopulations 

of melanoma cells, one thing remains fairly clear in most cancers: the less differentiated the 

tumor, the worse the prognosis. Indeed, all the disputed markers of melanoma stem cells are 

typically found in primitive cell types, whether they are embryonic, neural crest, or 

melanocytic stem cells. So if the tumor-initiating cells in melanoma are largely 

undifferentiated cells, how do they get that way, and more importantly, how do we get them 

to stop being stem cell-like and promote terminal differentiation? Although some speculate 

that melanoma cells arise from transformed melanocytic stem cells, and therefore retain their 

pluripotent and self-renewing capabilities, an alternative hypothesis is that the oncogene-

harboring cells of benign nevi are reprogrammed by the reacquisition of a handful of stem 

cell-related transcription factors.

Adult human cells, including fibroblasts and melanocytes, have been successfully 

transformed into induced pluripotent stem (iPS) cells, which possess most of the attributes of 

embryonic stem cells, by ectopically expressing the transcription factors Oct4, Sox2, plus 

either c-Myc and Klf4 or nanog and the RNA-binding protein, Lin28 (40-42). Interestingly, 

a number of these transcription factors have been found to be expressed in melanoma cells. 

Expression of Oct4 and nanog were both found to be enhanced in the spheroid forming 

fraction of C8161 cells, while nanog was found to co-expressed with MDR1, ABCB5 and 

ABCC2 in cells freshly derived from tumors (43, 44). C-Myc is frequently overexpressed in 

a variety of cancers, and in melanoma, has been shown to be required for evasion of 

oncogene-induced senescence (45). Sox2, like c-Myc, was recently shown to promote 

melanoma tumor growth in vivo (46). Depletion of Sox2 in A2058 cells significantly 

impaired tumor formation in xenografts. Additionally, high expression of Sox2 was shown 

to correlate with primary tumor thickness in patient samples (46). In another report, patients 

with Sox2-expressing tumors had a decreased 3-year median survival rate compared to those 

not expressing Sox2 (47).

How the expression patterns of the aforementioned pluripotency transcription factors relate 

to genotypes and the signaling pathways that regulate their expression requires further 

exploration. It is reasonable to assume that some of these transcription factors may be 

restricted to certain subsets of melanoma. Recently, we found that another pluripotency 

transcription factor, FOXD3, is lowly expressed in a number of melanoma cell lines. 

Typically, expression is detected in lines derived from metastases. FOXD3 is essential for 

the self-renewal and pluripotency of a number of primitive cell types, including embryonic 

and neural crest stem cells (48, 49). Disruption of MEK/ERK-signaling was shown to 

greatly enhance the expression of FOXD3, both at the mRNA and protein levels. 

Interestingly, although MEK-ERK1/2 signaling is elevated in most, if not all melanoma cell 
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lines, only melanoma lines harboring oncogenic forms of B-RAF exhibited FOXD3 

expression and regulation by MEK-ERK1/2 signaling (50). When overexpressed in 

melanoma cells, FOXD3 elicited a potent G0/G1 growth arrest (50). This reduction in 

growth is reminiscent of the dormancy phenotype observed in cancer stem cells. In a 

different study, ectopic expression of FOXD3 promoted the demethylation of silenced target 

promoters in MEFs (51). Since FOXD3 is an important part of a regulatory network with 

nanog and Oct4 in embryonic stem cells (52, 53), it is possible that endogenous FOXD3 

promotes the un-silencing of these genes in melanoma. Whether FOXD3 in fact promotes 

the plasticity and self-renewal of mutant B-RAF-harboring melanoma remains to be seen, 

however, its enhanced expression in the presence of B-RAF/MEK inhibition may impact the 

response of patients to therapies that target this pathway.

6. FINAL THOUGHTS

The cancer stem cell hypothesis is an inviting concept for the melanoma field. The ability to 

halt cancer progression by targeting a small subset of the tumor cell population would be 

extremely advantageous, especially for a disease with a high propensity to spread and resist 

conventional therapies, as is the case with malignant melanoma. While the potential payoff 

for targeting putative melanoma stem cells is clear, several obstacles remain. First, bona fide 
markers must be established for melanoma stem cell populations. As it stands, many 

potential markers have been observed in highly tumorigenic subpopulations, including 

ABCB5, ABCG2, MDR1, CD133, CD20, CD40, and nestin (Figure 1). However, even when 

marker-positive populations are shown to be significantly more aggressive than their marker-

negative brethren, reasonably large numbers (100,000 cells) of marker-positive cells are 

often used in xenograft assays. Such large inoculations could easily accommodate novel 

tumorigenic subpopulations within the marker-positive groups. Additionally, many of these 

markers have been found to be co-expressed on the same cell. It would be interesting to see 

if the tumorigenic potential of marker-positive subpopulations can be further graded by their 

co-expression of other known markers. This certainly seems to be the case with CD34 and 

p75 in melanoma mouse models (36).

Secondly, while validation of the true melanoma stem cell subpopulation(s) will sharpen the 

focus of investigators as to which cells to work with in vivo and in vitro, novel targeted 

therapies will require an understanding of signaling pathways that distinguish melanoma 

stem cells from the general population. It is likely that transcription factors like c-Myc, 

Oct4, nanog, Sox2, and FOXD3 will play some part in the plasticity and self-renewal of 

melanoma cells, as they do in normal stem cells. What is less clear is which cellular 

pathways regulate the expression and activity of these transcription factors in melanoma. 

Expression of FOXD3, Sox2, and Oct4 are regulated by the Smad, Wnt, and PI3-kinase 

pathways in stem cells, making these pathways potential candidates in melanoma (54) 

(Figure 1). Targeting pathways that drive stem cell transcription factors has the potential to 

rob melanoma cells of their self-renewal capabilities. A factor that may be overlooked in the 

melanoma stem cell studies is the genotypes of the melanomas being analyzed. Some 

transcription factors, like FOXD3 in mutant B-RAF-harboring melanoma, may be restricted 

to cells with specific mutations. Similarly, differences in marker expression observed by 

different groups may reflect different oncogenic insults (B-RAF, N-Ras, c-Kit) in the cell 
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cultures and patient tumors used. This highlights the need for careful genetic profile in the 

future of cancer treatment.

Finally, the possibility that most, if not all, melanoma cells can form tumors under the right 

conditions remains a concern (35). If this is in fact the case in patients, then all tumor cells 

must be targeted by therapy. However, there is still the possibility that all tumorigenic cells 

require stem cell-like properties to promote disease. By understanding how these stem cell-

like properties are developed and maintained in melanoma, it might be possible to prevent 

bulk tumor cells from reverting into tumorigenic melanoma stem cells, while simultaneously 

nullifying the existing melanoma stem cell population. In this way, advanced disease may be 

effectively treated without the need for complete elimination of tumor cells.

Ultimately, if the cancer stem cell hypothesis holds up to the scrutiny and rigors of scientific 

investigation in melanoma, the consequences for effective therapies could be monumental. 

In the time being, however, it remains crucial to develop therapies that will target all cancer 

cells in the event that the quest to unmask the melanoma stem cell never reaches fruition.
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Figure 1. 
Stem cell markers and regulation of pluripotency transcription factors in melanoma.
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