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Perspective

Etiologic Pathogenesis of Melanoma: A Unifying Hypothesis for the
Missing Attributable Risk

Frank L. Meyskens, Jr.,1 Patrick J. Farmer,3 and
Hoda Anton-Culver2

Department of 1Medicine, Hematology/Oncology, 2Epidemiology, and
3Chemistry, Chao Family Comprehensive Cancer Center, University
of California Irvine, Irvine, California

Melanoma is the eighth most common malignancy in the
United States and has shown rapid increases in its incidence rate
over the past two decades, especially in early-stage disease
(1–4). A recent analysis of data from the Surveillance Epide-
miology and End Results Program indicates that the incidence
of melanoma increases with age, with somewhat different pat-
terns in men and women (3). Genetic and environmental inter-
actions clearly play a role in melanoma and may explain in part
the variations in age-specific incidence rates and the differences
between the rates in men and women.

The etiology of malignant melanoma has been attributed to
a great extent to the role of UV light exposure as the most
important risk factor for melanoma in those with phenotypic
susceptibility (5–10). The increase in the risk of melanoma by
age has also been attributed to exposure to environmental agents
in addition to UV light where the onset of melanoma depends on
latency periods between the onset of environmental exposure
and tumor occurrence and multiple other factors. Most epide-
miological studies are examining the effect of known risk fac-
tors identified and quantified through case-control and associa-
tion studies. However, the epidemiological studies usually do
not measure effectively synergism between two or more possi-
ble etiologic factors in gene/environment and gene/gene studies
and provide very little information regarding mechanisms of
disease etiology.

The pathogenesis of human melanocyte transformation re-
mains incompletely understood. Many non-UV-related factors
have been proposed as contributing to the risk of melanoma, but
no coherent etiologic picture has emerged (10, 11). Most nota-
bly and relevant to our proposal is that many epidemiological
studies have shown an increased risk of melanoma in many
occupations associated with the electronic and chemical indus-
tries (12–16). We propose that the attributable risk not explained
by UV light exposure or genetic risk can largely be understood
by using a model that proposes that increases in reactive oxygen

species are central to the pathogenesis of melanocyte transfor-
mation and melanoma progression (Fig. 1). We review here our
studies and those of others that suggest that changes in the
melanin from antioxidant to pro-oxidant are a critical early
pathogenic event. We further discuss the consequences of this
alteration for the melanocyte, how such changes may explain
most of the epidemiological observations that have been postu-
lated as exogenous risk factors for melanoma, and the conse-
quences of these modulations for the (chemo) prevention and
possible treatment of human melanoma.

A unique biological feature of the melanocyte is its pro-
duction of melanin, a molecule with a diversity of complex
redox and free-radical properties and interactions, including an
interaction with oxygen (17, 18). Over the past five years we
have performed a series of experiments that have led us to
postulate that redox-recycling of melanin and its precursors is an
etiologically important and possibly unifying explanation for
many of the seemingly unconnected epidemiological observa-
tions that have been associated with melanoma risk. We first
demonstrated that exogenous oxidative stress elicited a signal
for generation of reactive oxygen species in melanocytes and
melanoma cells that was not seen in nonpigmented cells (19).
Paradoxically, the addition of superoxide dismutase to mela-
noma cultures markedly enhanced this signal whereas no such
effect of the enzyme was noted in melanocyte cultures. Of great
interest was that the intracellular levels of superoxide anion in
melanoma cells compared with normal human melanocytes were
markedly increased. These and other findings suggested that the
pigment melanin had been converted to a pro-oxidant (19, 20).

We explored the possibility of melanin being the source of
the pro-oxidant response in more detail using a synthetic mel-
anin model system based on dihydroxyindole (21, 22), the major
precursor of melanin. Here we observed that oxidation of the
synthetic melanin increased its affinity for metal ions, attribut-
able to a unique tautomer of the oxidized catecholic monomer
termed a quinone-imine. Therefore, it results that metal ion
uptake promotes the oxidation and redox cycling of the pigment
(21). Even binding of divalent Zn, a redox inactive metal ion,
produces a strong pro-oxidant response from the pigment as
detected by electron paramagnetic resonance spin traps and an
assay for hydroxyl radical generation (21); the pro-oxidant
effect is even further enhanced by the redox active bio-metal
Cu(II). We also have observed a similar response in cultured
melanoma cells using both molecular probes of oxidative stress
as well as by electron paramagnetic resonance spin trapping (20,
23). These observations have led us to develop a series of
lipophilic chelators for therapeutic indications (23). Many met-
als and other substances such as polycyclic hydrocarbons (e.g.,
pesticides, herbicides, dyes) avidly bind melanin and have been
measured therein (24).

We propose that the following sequence of events occurs
during melanoma pathogenesis (Fig. 1). Melanin, normally an
antioxidant, is oxidized by reactive oxygen species generated by
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UV, normal metabolic processes, or inflammatory responses,
and the pro-oxidant quinone-imine content is increased. This
organic chelator serves as a nidus for accumulation of metals or
other chemicals (e.g., polycyclic hydrocarbons). Alternatively,
some unusual exposure to metal ions or melanin-binding chem-
icals may likewise increase the pro-oxidant response of melanin.
Redox cycling occurs and a build-up of reactive oxygen species
gradually results. Initially this build-up is dampened by cellular
antioxidants, but they are eventually depleted. Picardo et al. (25,
26) have convincingly demonstrated that depletion of cellular
antioxidants is a prominent feature during melanoma pathogen-
esis. The recent demonstration in two large randomized cardio-
vascular trials that two lipid-lowering medications are associ-
ated with a decreased incidence of melanoma is relevant here
(27, 28). Although the two compounds, lovastatin and gemfi-
brozil, work through different molecular mechanisms (3-
hydroxy-3-methylglutaryl-CoA reductase and peroxisome pro-
liferator-activated receptor-�, respectively), both should lower
intracellular oxidative stress by decreasing downstream intra-
cellular-reactive oxygen species generation.

Increasing oxidative stresses eventually leads to loss of
control over melanosomal regulation and compartmentalization.
Qualitative and quantitative abnormalities of melanomas during
melanoma progression have been noted for some time (29, 30);
however, the functional consequences of the altered melano-
some during melanoma pathogenesis has not been appreciated
nor studied despite the extensive functional studies of melano-
somes in nonmalignant disease states such as the Griselli and
Hermansky-Pudlak syndromes (31, 32). In this regard the recent
description of an individual with a CDKN2A/p16 homozygous
mutation and multiple nevi attributed to a concomitant glucose-
6-phosphate deficiency (which produces intercellular oxidative
stress) is of considerable interest (33). Consistent also with our
overall hypothesis is that dietary antioxidants appear to have a
protective effect against melanoma development (34). However,
although antioxidants should be protective against oxidative
stress early in pathogenesis, they could enhance melanoma cell
survival once antioxidant deficiency occurs secondary to the

constitutive oxidative stress; that is, repletion of antioxidants in
this setting may further protect the fully transformed melanocyte
(Fig. 1; Ref 35).

Our hypothesis provides a biological framework from
which to further explore etiologic considerations in human
melanoma. We postulate the following: heavy metals and other
redox-active compounds that bind melanin play a cocarcino-
genic role in melanoma pathogenesis. These metals could in-
clude Cu, Fe, Mn, and Co. (A number of other rarer metals
including Sc, La, In, Al, Zn, and Cad also found in melanin can
increase the semiquinone radical and would produce a similar
oxidative stress). The uptake of metals into cells is specifically
regulated by a family of enzymes known as the metallothioneins
(36–38). Polymorphisms of the isoenzymes have been little
studied, and a molecular epidemiological study of these en-
zymes and possible polymorphisms in individuals at risk for
melanoma should be done. Recently, overexpression of one of
these enzymes has been associated with a poor prognosis in
patients with melanoma (39). Nonmetals of particular interest
that also bind melanin would include organic amines, polychlo-
rinated biphenyls, pesticides, herbicides, and dyes (12–16), and
further study of risk for melanoma using agricultural health data
bases might be informative. Advances in occupational epidemi-
ology and the ability to measure metals at low concentrations in
individual cells in tissue (e.g., inductively coupled plasma spec-
trometry, inductively coupled plasma-mass spectrometer; Refs.
40 and 41), should allow more direct assessment of this issue
than has been possible in the past. Additionally, further studies
of UV, metal, and melanin interactions, both in reconstituted
chemical systems and in cultured melanocytes or partially trans-
formed melanoma cells (e.g., nevus or radical growth phase
melanoma cells) should be particularly informative.

The increased intracellular-reactive oxygen species gener-
ation should lead to DNA damage. The recent demonstration
that BRAF is an early, if not the earliest mutation that leads to
immortalization, provides a specific target for exploration (42)
as well as the Rb and p53 genes, which are frequently mutated
during melanoma pathogenesis, although later in the carcino-

Fig. 1 A model for chemoprevention of early melanoma progression. Oxidation of melanin leads progressively to generation of a redox-active
tautomer (quinone-imine), intracellular redox cycling (enhanced by metals or other substances bound by melanin) with melanosomal and DNA
damage, transcription factor activation and enhancement, and activation of the natural antiapoptotic (drug-resistant) phenotype of the melanocyte.
Antioxidants include a number of cellular antioxidants (ascorbic acid, �-tocopherol, and glutathione) whereas upstream inhibitors of oxidation might
include such drugs as inhibitors of cholesterol synthesis or inhibitors of mitochondrial activity. Metal uptake into cells is regulated by metallothioneins,
and polymorphisms should contribute to differential uptake and risk. ROS, reactive oxygen species.
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genic cascade (43). Recently, the prospects for chemoprevention
of human melanoma have been reviewed (44); most of the
interventions proposed were based on generalized observations
of signaling alterations and lacked a specific etiologic or path-
ogenic rational. We propose that focusing on the earliest stages
of pathogenesis in the context of a hypothesis with a logical
mechanistic basis may be more productive when the mutational
damage to the melanocyte is minimal.

ACKNOWLEDGMENTS
We thank Peggy Tucker for informative discussions about this topic.

REFERENCES
1. Beddingfield FC III. The melanoma epidemic: res ipsa loquitur.
Oncologist 2002;8:459–65.
2. Lamberg L. “Epidemic” of malignant melanoma: true increase or
better detection. J Am Med Assoc 2002;287:2201.
3. Dennis LK. Analysis of the melanoma epidemic, both apparent and
real: data from the 1973 through 1994 surveillance, epidemiology, and
end results program registry. Arch Dermatol 1999;135:275–80.
4. Lipsker DM, Hedelin G, Heid E, Grosshans EM, Cribier BJ. Striking
increases of thin melanomas contrasts with a stable incidence of thick
melanomas. Arch Dermatol 1999;135:1451–6.
5. MacKie RM, Marks R, Green A. The melanoma epidemic. Excess
exposure to ultraviolet light is established as major risk factor. Br Med J
1996;312:1362–3.
6. Wernstock M, Colditz G, Willett W, Stampfer M, Bronstein B, Mihm
M, Speizer F. Nonfamilial cutaneous melanoma incidence in women
associated with sun exposure before 20 years of age. Pediatrics 1989;
84:199–204.
7. Green A, Williams G. UV and skin cancer: epidemiological data
from Australia and New Zealand. In: Young AR, Bjorn LO, Moan J,
Nultsch W, editors. Environmental UV photobiology. London: Plenum;
1993. p. 233–54
8. Kricker A, Armstrong BK, Jones ME, Burton RC. Health, solar UV
radiation, and environmental change. Lyon, France: International
Agency for Research on Cancer; 1993.
9. Elwood JM. Melanoma and sun exposure: contrasts between inter-
mittent and chronic exposure. World J Surg 1992;16:157–65.
10. Tucker MA, Goldstein AM. Melanoma etiology: where are we?
Oncogene 2003;22:3042–52.
11. Desmond RA, Scong S. Epidemiology of malignant melanoma.
Surg Clin N Am 2003;83:1–19.
12. Ward EM, Burnett CA, Ruder A, et al. Industries and cancer.
Cancer Causes Control 1997;8:356–70.
13. Sinks T, Steele G, Smith AB, et al. Mortality among workers exposed
to polychlorinated biphenyls. Am J Epidemiol 1992;136:389–98.
14. Loomis D, Browning SR, Schenck AP, et al. Cancer mortality
among electric utility workers exposed to polychlorinated biphenyls.
Occup Environ Med 1997;54:720–8.
15. Robinson CF, Petersen M, Paul S. Mortality patterns among elec-
trical workers employed in the US construction industry. Am J Ind Med
1999;36:630–7.
16. Nelemans PJ, Scholte R, Groendendal H, et al. Melanoma and
occupation: results of case control study in the Netherlands. Br J Ind
Med 1993;50:642–6.
17. Sarna T, Swartz HA. The physical properties of melanin. Review In:
Nordlund J, Boiss RE, Hearing VJ, King RA, Ortonne J-P, editors. The
pigmentary system. New York: Oxford University Press 1998. p. 333–58.
18. Sarna T, Duleba A, Korytowski W, Swartz H. Interactions of
melanin with oxygen. Arch Biochem Biophys 1980;200:140–8.
19. Meyskens FL Jr, Van Chau H, Tohidian N, Buckmeier JA. Luminol-
enhanced chemiluminescence response of human melanocytes and mela-
noma cells to hydrogen peroxide stress. Pigment Cell Res 1997;10:184–9.

20. Meyskens FL Jr, McNulty SE, Buckmeier JA, et al. Aberrant redox
regulation in human metastatic melanoma cells compared to normal
melanocytes. Free Radic Biol Med 2001;31:799–808.

21. Gidanian S, Farmer PJ. Redox behavior of melanins: direct elec-
trochemistry of DHI–melanin and its Cu and Zn adducts. J Inorg
Biochem 2002;89:54–60.

22. Szpaganicz B, Kong P, Farmer PJ. Metal binding by melanins:
studies of colloidal DHI-melanin, and its complexation by Cu(II), and
Zn(II) ions. J Inorg Biochem 2002;89:45–53.

23. Farmer PJ, Gidanian S, Shahandeh B, et al. Melanin as a for
melanoma chemotherapy: pro-oxidant effect of oxygen and metals on
melanoma viability. Pigment Cell Res 2003;16:273–9.

24. Larson BS. The toxicology and pharmacology of melanin. In: Nord-
lund JJ, Boiss y RE, Hearing VJ, King RA, Ortonne J-P, editors. The
pigmentary system. New York:Oxford University Press; 1998. p. 373–390.

25. Picardo M, Maresca V, Eibenschutz L, et al. Correlation between
antioxidants and phototypes in melanocytes cultures. A possible link of
physiologic and pathologic relevance. J Investig Dermatol 1999;113:
424–5.

26. Picardo M, Grammatico P, Roccella F, et al. Imbalance in the
antioxidant pool in melanoma cells and normal melanocytes from pa-
tients with melanoma. J Investig Dermatol 1996;107:322–6.

27. Dellavalle RP, Nicholas MK, Schilling L. Melanoma chemopreven-
tion: a role for statins or fibrates. Am J Ther 2003;10:203–10.

28. Buchwald H. Cholesterol inhibition, cancer and chemotherapy.
Lancet 1999;339:1154–6.

29. Jimbow, Kowichi. Current update and trends I melanin pigmenta-
tion and melanin biology. Keio J Med 1995;44:9–18.

30. Rhodes AR, Seki Y, Fitzpatrick TB, Stern RS. Melanosomal alter-
ations in dysplastic melanocytic nevi. Cancer (Phila) 1988;61:358–69.

31. Menasche G, Feldmann J, Houdusse A, et al. Biochemical and
functional characterization of Rab27a mutations occurring in Griscelli
syndrome patients. Blood 2003;101:2736–42.

32. Starcevic M, Nazarian R, Dell’Angelica EC. The molecular ma-
chinery for the biogenesis of lysosome-related organelles: lessons from
Hermansky-Pudlak syndrome. Semin Cell Dev Biol 2002;13:271–8.

33. Pavel S, Smit NP, van der Meulen H, et al. Homozygous germline
mutation of CDKN2A/p16 and glucose-6-phosphate dehydrogenase de-
ficiency in a multiple melanoma case. Melanoma Res 2003;13:171–8.

34. Le Marchand L. Dietary factors in the etiology of melanoma. Clin
Dermatol 1999;10:79–82.
35. Meyskens FL, Farmer PJ, Fruehauf J. Redox regulation in human
melanocytes and melanoma. J Pigment Cell Res 2001;14:148–54.
36. Miles AT, Hawksoworth GM, Beattie JH, Rodilla V. Induction,
regulation, degradation, and biological significance of mammalian met-
allothioneins. Crit Rev Biochem Mol Biol 2000;35:35–70.
37. Simpkins CO. Metallothionein in human disease. Cell Mol Biol
2000;46:465–88.
38. Nordberg M, Nordberg GF. Toxicological aspects of metallothion-
ein. Cell Mol Biol 2000;46:451–63.
39. Sugita K, Yamamoto O, Asahi M. Immunohistochemical analysis
of metallothionein expression in malignant melanoma in Japanese pa-
tients. Am J Dermatopathol 2001;23:29–35.
40. Smith DR, McNeill F. In vivo measurement and speciation of
nephrotoxic metals. Toxicol Metals 1996;737–50.
41. Dillon CT, Kennedy BJ, Lay PA, et al. Implementation of X-ray
microscopy and micro-XANES analysis for investigations of the cellular
uptake and cellular metabolism of transition metals. J Physique IV: Proc
2003;293–6.
42. Pollock PM, Harper UL, Hansen KS, et al. High frequency of
BRAFF mutations in nevi. Nat Genet 2003;33:19–20.
43. Walker GJ, Hayward NK. Pathways to melanoma development:
lessons from the mouse. J Investig Dermatol 2002;119:783–92.
44. Demierre MF, Nathanson L. Chemoprevention of melanoma: an
unexplored strategy. J Clin Oncol 2003;21:158–65.

2583Clinical Cancer Research

Cancer Research. 
on December 18, 2014. © 2004 American Association forclincancerres.aacrjournals.org Downloaded from 

http://clincancerres.aacrjournals.org/


2004;10:2581-2583. Clin Cancer Res 
  
Frank L. Meyskens, Jr., Patrick J. Farmer and Hoda Anton-Culver
  
for the Missing Attributable Risk
Etiologic Pathogenesis of Melanoma: A Unifying Hypothesis

  
Updated version

  
 http://clincancerres.aacrjournals.org/content/10/8/2581

Access the most recent version of this article at:

  
  

  
  

  
Cited Articles

  
 http://clincancerres.aacrjournals.org/content/10/8/2581.full.html#ref-list-1

This article cites by 34 articles, 6 of which you can access for free at:

  
Citing articles

  
 http://clincancerres.aacrjournals.org/content/10/8/2581.full.html#related-urls

This article has been cited by 9 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions
Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
.permissions@aacr.orgDepartment at

To request permission to re-use all or part of this article, contact the AACR Publications

Cancer Research. 
on December 18, 2014. © 2004 American Association forclincancerres.aacrjournals.org Downloaded from 

http://clincancerres.aacrjournals.org/content/10/8/2581
http://clincancerres.aacrjournals.org/content/10/8/2581.full.html#ref-list-1
http://clincancerres.aacrjournals.org/content/10/8/2581.full.html#related-urls
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://clincancerres.aacrjournals.org/



