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Why did we become interested in the current approach?

Our laboratory has investigated the potential experimental therapeutics of human
melanoma for quite some time including examining the role of tumor stem cells (before
it became popular) and the activity of retinoids, antiestrogens, gamma-interferon and
others. This current commentary represents one in a series in which the history and
contributions of my laboratory have been detailed (1,2). This current commentary details
some alternative concepts regarding the etiology and pathogenesis of human melanoma
that has evolved from our investigators into redox modulation over the past decade.

In the early nineties we were one of the clinical units of the randomized trial to
prevent lung cancer in heavy smokers using 3-carotene and retinol (CARET) and accrued
over 4,000 of the total 19,000 participants. We, as well as the field of chemoprevention,
were shocked when the final results came in: the participants taking 3-carotene had more,
rather than fewer, lung cancers and cardiovascular events (a), a result similar to the
ATBC trial conducted in Europe (b). These results prompted me to learn more about
oxidation and I took a very informative sabbatical for 6 months in the laboratory of
Helmut Sies (Dusseldorf), who was and remains one of the best chemists in the arena of
oxidation/antioxidation. Working among a large group of chemists was indeed a

humbling experience!



What evidence have we and others generated that intracellular oxidative stress is

important in the pathogenesis of human melanoma?

Shortly after returning home I began thinking about the biology of human melanoma
again and was struck by the diverse and vast literature regarding melanin synthesis and its
role in benign pigmentary diseases such as albinism and vitiligo. Melanin synthesis
represents a complex series of tightly regulated steps involving the consumption of
oxygen and superoxide and the production and utilization of hydrogen peroxide, all
carefully orchestrated within the well-organized organelle, the melanosome. Although it
had been known for some time that melanosomes become progressively disordered
during melanogenesis(c) neither the etiology of this disruption nor its functional
consequences had been explored.

With this realization there were many avenues we could have pursued. The first
question we posed was: how do normal melanocytes and melanoma cells handle a
peroxide stress? The results were surprising; melanocytes efficiently abrogated the
peroxide stress while melanoma cells were seriously impaired in their ability to do so and
generated higher levels of reactive oxygen species (ROS); of great interest was that when
superoxide dismutase (SOD) was added an enhanced intracellular oxidative response
occurred in melanoma cells that did not occur in melanocytes (3).

It would be fair to say that the better part of the next eight years was spent trying to
explain this phenomenon, which we have explored in a large number of studies involving
the use of sophisticated molecular probes to assess intracellular oxidation (4), the
determination of the relationship of level of intracellular hydrogen peroxide and

superoxide anion to NFxb and AP-1 expression (5-9), redox characterization of



electrochemically deposited eumelanin in response to ultraviolet radiation (UVR) and
doping with heavy metals using electroparamagnetic resonance (EPR) measurements of
free radicals in in situ melanin and in whole melanoma cells (10-13). Recently, we have
characterized the EPR response of isolated melanosomes to UVR and certain heavy
metals as well and have shown that ROS are generated by abnormal but not normal
melanomasomes (unpublished — see 13™ annual meeting PASPCR abstract). All of these
studies suggested that melanin, which is usually in an antioxidative reduced state within
the melanosome, evolves during the pathogenesis of melanoma into a pro-oxidant
substance that generates superoxide anion. Of course an immediate objection is: How
does this work? Are not melanosomes short-lived and so how is this process propagated
over the long term? The short answer is that melanosomes within the damaged
melanocytes are not short-lived. Contributions of many other investigators have also
shown that melanoma cells are depleted of cellular antioxidants, reduced glutathione
(GSH) and have altered catalase, SOD, and other antioxidant enzymes. Our work has led
to a proposal for the pathogenesis of melanoma in which the initial step was generation of

ROS by altered melanin with widespread and ongoing consequences for the melanocyte.

melanin (reduced) » melanin (oxidized) » ROS
antioxidant pro-oxidant

This simple scheme provides a theoretical framework from which to explore this next

question:



Why do we think metals are important in the etiology and pathogenesis of

melanoma?

There are three major lines of evidence that suggest that some substances that bind

melanin contribute to the etiology and pathogenesis of human melanoma.

(1) Our experimental evidence in which we demonstrate that certain transition metals
result in redox recycling and the generation of ROS in oxidized melanin and in
melanosomes prepared from melanoma cells but not melanocytes.

(2) The elegant work of Pavel and colleagues in which metals are implicated in the
formation of dysplastic nevi (d,e)

(3) The studies of Picardo and colleagues on the role of antioxidants in melanocytes
of patients with melanoma (f,g).

(4) An extensive (and largely forgotten) epidemiologic literature that implicates
certain metals and polychlorphylbiphenyls (PCB) in the etiology and pathogenesis

of melanoma (h,i).

What are the appropriate models in which to test our overall hypothesis?

This is a very difficult question. To date an in vitro model that simulates well the
human disease has not been developed despite many attempts by many investigators to
do so. For the past five years our group has been developing an in vitro chemoprevention
model system and settled on using cells from a radical growth phase melanoma to
measure the effects of candidate chemoprevention agents (14). We will extend this model
to study the effect of UVR-B and metals on various parameters of transformation.

Recently, we have also completed some difficult studies with human melanocytes and



have found that UVR-B plus certain metals result in the generation of cells that
phenotypically resemble melanocytes from dysplastic nevi in culture. We will continue to
characterize this system as well as to explore its utility as a platform for assessment of
chemoprevention agents.

There have been many murine and transgenic models proposed for the study of
human melanoma. Although many of these models are useful for studying various
biologic, genetic, and molecular properties of melanoma cells, we (and many others)
consider the HGF/SF transgenic model of Noonan and Merlino as the best in its
representation of human melanoma, both in terms of its response to UVR and in the
tumors that form which closely resemble human melanoma histologically and in their
growth patterns (j,k). We will therefore use this model as the major source of animal

experiments that will begin in the near future.

So what about ultraviolet radiation?

It should be explicitly clear that we have not gone off the deep end and abandoned
UVR as important in the pathogenesis of melanoma. Extensive epidemiologic observations
support a complex role for sunlight in melanoma etiology and pathogenesis. However, a
striking feature of melanoma is the inability to detect thymine dimers or other classical UVR
induced mutations in primary or metastatic melanomas, even in genes of interest. This
finding suggests either that UVR-B is not involved, that the UVR-effect is indirect (via v
H,O; generation or via an effect on signaling pathways), functions via a hit and run genomic
mechanism (i.e. like a virus?), or works through some other as yet undiscovered mechanism.

Alternatively, we favor the explanation that UVR effects its outcome via oxidation of



melanin (and perhaps critical other macromolecules) in susceptible individuals and the
establishment and ongoing maintenance of redox-cycling with low grade ROS generation
resulting in diffuse genomic damage. We propose that two major intrinsic contributors to
susceptibility to UVR are the types of melanin formed by individuals and the capacity to
uptake metals, a property which is very heterogenous.

For quite some time there has been abundant controversy regarding the relative role
of UVR-A (320-400 mm) and UVR-B (290-320 mm). In the past few years genetic analysis
of primary melanomas has shown that the relationship of UV exposure, B-Raf mutations and
melanoma is complex (1) and recently these interactions have been further explored by
assessing the role of the MCIR gene on melanoma susceptibility (m). Since MCIR isoforms
undoubtedly have a downstream effect on the type of melanin formed, (not explored as far as
we know) we speculate that the MICR isoform effect on susceptibility that is seen is a
reflection of redox events involving the particular constellation of eu- and pheomelanins
formed in response to melanin and UVR. Metals and other substances bind melanin,
especially its oxidized form, setting up redox cycling. Noteworthy in the epidemiology
literature of melanoma is a great deal of relevant information about the influence of melanin-
binding substances, such as heavy metals and PCBs and risk for melanomach,i).

Metal uptake is closely regulated by an extensive family of genes called
metalothioneins. We postulate that susceptible individuals have a different range of
metalothionein isoforms; to date this potential phenomenon has not been characterized. Our

working model then would be expanded:



MCIR variants metallothionein

metal
Melanin (reduced) » melanin oxidized
(eu/pheomelanin of different composition) ROS

Why are melanomas rare in Black and White Albinos?

One of the most puzzling clinical observations in dermatology about melanoma is
the following: non-melanoma skin cancers occur with high frequency in black (and
white) albinos and yet the development of cutaneous melanoma is rare (n,0). Why is
this? Melanocytes are still present but they do not make melanin. We propose that
without melanin melanomas do not occur. If so, then why don’t darkly pigmented
individuals develop melanoma at a high frequency? There are many well-established
(and thought out) answers to this latter question that have been addressed by many others
including the role of eumelanosomes (versus pleomelanosomes), the differences in
intracellular distribution of melanosomes in people with different ethnic backgrounds,
and most recently the differential role of keratinocytes obtained from different ethnic skin
in determining melanocyte responses to UVR.

There are, of course, many potential confounders of our overall proposition. Our
work is based on the central hypothesis: oxidation of melanin in susceptible individuals
(MCIR? and metallothionein? variants) by UVR is one of the earliest pathogenic events

in the evolution of melanoma and the conversion of melanin from an anti-oxidant to a



pro-oxidant with ongoing generation of ROS leads to widespread genomic damage and
widespread altered cellular responses. (This current commentary has been on
pathogenesis; in a future commentary for the Society of Melanoma Research, we will
explore the relevance of our findings to the phenomenon of drug resistance) and the
development of new drugs for the treatment of melanoma ( 13-19).

We will continue to provide experimental support for this new central hypothesis
and to study the effect of candidate chemoprevention compounds in the models
described. Eventually an appropriate clinical chemoprevention trial in patients at high
risk for melanoma development will be undertaken (20). It’s going to be a long journey,
but we need to start somewhere because all other non-surgical therapeutic approaches to
this disease except perhaps interferon in a limited subset of up patients have failed (with

apologies to my hard-working immunological colleagues).

Acknowledgements: I thank my current colleagues Pat Farmer (electrochemist), Sun

Yang (molecular biologist), Hoda Anton-Culver (epidemiologist) and Shirley Gidanian
(chemist) for their commitment to this approach and for the many lively conversations we
have had. I also thank Scott Granter (Harvard) for raising the issue about the rarenesss of

melanomas in Black albinos.

Selected Bibliography From Our Contributions (*detailed reviews)

1. Meyskens, F.L., Jr., Pam American Society for Pigment Cell Research, Winter
2005.

2. Meyskens, F.L., Jr., Melanoma and redox, “A riddle wrapped in a mystery inside
an enigma”. Society for Melanoma Research, Winter 2005.



10.

11.

12.

Meyskens, F.L., Jr. Chau, V., Tohidian, N., Buckmeier, J., Luminol- enhanced
Chemiluminescent response of human melanocytes and melanoma cells to
Hydrogen Peroxide Stress. Pigment Cell Res; 10:184-189, 1997.

Meyskens, F.L., Jr., McNulty, S.E., Buckmeier, J.A., Tohidian, N.B., Spillane,
T.J., Kahlon, R.S., Gonzalez, R.I. Aberrant redox regulation in human metastatic

melanoma cells compared to normal melanocytes. Free Radical Biology and
Medicine, 31(6):799-808, 2001.

Meyskens, F.L., Jr., Buckmeier, J.A., Tohidian, N.B.. Activation of nuclear

factor-kB in human metastatic melanoma cells and the effect of oxidative stress.
Clinical Cancer Research 5:1197-1202, 1999.

McNulty, S., Tohidian, N.B., Meyskens F.L., Jr. RelA, p50 and inhibitor of
kappa B Alpha are elevated in human metastatic melanoma cells and respond
aberrantly to ultraviolet light B. Pigment Cell Res., 14:456-465, 2001.

Yang, S., McNulty, S., Meyskens, F.L., Jr. During human melanoma progression
AP-1 binding pairs are altered with loss of c-Jun in vitro. Pigment Cell Res
17:74-83, 2004.

Yang, S., Meyskens, F.L., Jr. Alteration in activating protein 1 (AP-1)
composition correlate with phenotypic differentiation changes induced by
resveratrol in human melanoma. Molecular Pharmacology;67(1):298-308, 2005.

Yang, S., Irani, K., Heffron, S.E., Jurnak, F., Meyskens, F.L. Jr. Alterations in
the expression of the apurinic/apyrimidinic endonuclease-1/redox factor-1
(APE/Ref-1) in human melanoma and identification of the therapeutic potential of
resveratrol as an APE/Ref-1 inhibitor. Molecular Cancer Ther. 4(12):1923-35.
2005.

Szpoganicz, B., Gidanian, S., Kong, P., Farmer, P. Metal binding by melanins:
studies of colloidal dihydroxyindose-melanin, and its complexation by Cu,(1l) and
Zn(1l) ions. J Igorg Biochem. 10:89(1-2):45-53 2002.

Gidanian, S., Farmer, P.J. Redox behavior of melanins: direct electrochemistry
of dihydroxyinole-melanin and its Cu and Zn adducts. J Inorg Biochem. 10:89
(1-2):54-60, 2002.

Stark, K.B., Gallas, J.M., Zajac, G.W., Golab, J.T., Gidanian, S., Mclntire, T.,
Farmer, P.J. Effect of stacking and redox state on optical absorption spectra of
melanins-comparison of theoretical and experimental results. J Phys. Chem B.
Condens Matter Mater Surf Interfaces Biophys. 109(5);1970-7, 2005.



13.

14.

15.

16.

17.

18.

19.

20.

Farmer, P.J., Gidanian, S., Shahandeh, B., DiBilio, A.J., Tohidian, N., Meyskens,
F.L., Jr. Melanin as a target for melanoma chemotherapy: Pro-oxidant effect of
oxygen and metals on melanoma viability. Pigment Cell Res. 16: 273-279, 2003.

Elmore, E., Jain, A., Siddiqui., S., Tohidian, N., Meyskens, F.L. Jr., Steele, V.E..,
Redpath, J.L. Development and Characteristics of a Human Melanocyte Cell
Assay for Screening Agents for Melanoma Prevention. Melanoma Research in
press 2006.

Cen, D., Gonzalez, R., Buckmeier, J., Kahlon, R., Tohidian, N.B., Meyskens, F.L.,
Jr. Disulfiram induces apoptosis in human melanoma cells: a redox-related
process. Molecular Cancer Therapeutics. 1:197-204, 2002.

Cen, D., Brayton, D., Shahandeh, B., Meyskens, F.L., Jr.,_ Farmer, P.J.
Disulfiram facilitates intracellular Cu uptake and induces apoptosis in human
melanoma cells. J.Med Chem:47(27):6914-20, 2004.

Farmer, P., Brayton, D., Moore, C., Williams, D., Shahendeh, B., Cen, D.,
Meyskens, F.L., Jr. Targeting Melanoma via Metal-Based Stress. In Sessler, J.L.,
Doctrow, S.R., McMurry, T.J., Lippard, S.J.. (eds) ACS Symposium Series 903,
400-413, 2005.

*Meyskens, F.L. Jr. Management of Human Melanoma: What has the last decade
wrought? The Oncologist, 8:448-450, 2003. Editor: Section on Melanoma.

*Meyskens, F.L., Jr., Farmer, P., Fruehauf, J.P.. Invited Review: redox regulation
in human melanocytes and melanoma. Pigment Cell Research 14:148-154, 2001.

Meyskens, F.L., Jr., Farmer, P., Anton-Culver, H. Etiologic Pathogenesis of
Melanoma: A Unifying Hypothesis for the Missing Attributable Risk. Clinical
Cancer Research 10:2581-2583, 2004.

Selected Bibliography of Work by Others that Have Contributed Significantly to

Our Thinking

a.

Omenn, G.S., Goodman, G. E., Thornquist, M.D., Balmes, J., Cullen, M.R.,
Glass, A., Keogh, J.P., Meyskens, F.L., Jr., Valanis, B., Williams, J.H., Barnhart,
S., Hammar., S. Effects of a combination of Beta carotene and vitamin A on lung
cancer and cardiovascular disease. N Engl J Med, 2;334(18):1150-5, 1996.

[No authors listed] The effect of vitamin E and beta carotene on the incidence of
lung cancer and other cancers in male smokers. The Alpha-Tocopherol, Beta
carotene Cancer Prevention Study Group. N Engl J Med 14;330(15):1029-35
1994.

10



Rhodes, A.R., Seki, Y., Fitzpatrick, T.B., Stern, R.S. Melanosomal alterations in
dysplastic melanocytic nevi. A quantitative, ultrastructural investigation. Cancer
15:61(2):358-69. 1988.

Pavel, S., Smit, N.P., van der Meulen, H., Kolb, R.M., de Groot, A.J., van der
Velden, P.A., Gruis, N.A., Bergman, W. Homozygous germline mutation of
CDKN2A/p16 and glucose-6-phosphate dehydrogenase deficiency in a multiple
melanoma case. Melanoma Res 13(2):171-8, 2003.

Pavel, S., van Nieuuwpoort, F., van der Meulen, H., Out, C., Pizinger, K.,
Cetkovska, P., Smit, N.P., Koerten, H.K. Disturbed melanin synthesis and
chronic oxidative stress in dysplastic naevi. Eur J Cancer 40(9);1423-30, 2004.

Picardo, M., Grammatico, P., Roccella, F., Rocella, M., Grandinetti, M., Del
Porto, G., Pass, S. Imbalance in the antioxidant pool in melanoma cells and

normal melanocytes from patients with melanoma. J Invest Dermatol, Sep(3):
322-6 1996.

Grammatico, P., Maresca, V., Rocella, M., Rocella, F., Biondo, L., Catricala, C.,
Picardo, M. Increased sensitivity to peroxidizing agents is correlated with an

imbalance of antioxidants in normal melanocytes from melanoma patients. Exp
Dermatol. (4):205-12, 1998.

Austin, D.F., Reynolds, P. Occupation and malignant melanoma of the skin.
Recent Results Cancer Res. 102:98/107, 1986.

Loomis, D., Browning, S.R., Schenck, A.P., Gregory, E., Savitz, D.A., Cancer
Mortality among electric utility workers exposed to polychlorinated biphenyls,
Occup Environ Med 54(10):720-8, 1997.

Noonan, F.P., Dudek, J., Merlino, G., De Fabo, E.C. Animal models of
melanoma: an HGF/SF transgenic mouse model may facilitate experimental
access to UV initiating events. Pigment Cell Res 16(1):16-25, 2003.

Ha, L., Noonan, F.P., De Fabo, E.C., Merlino, G. Animal models of melanoma. J
Investig Dermatol Symp Proc 10(2):86-8, 2005.

Curtin, J.A., Findlyand, J., Kegashita, T., Patel, H.N., Busam, K.J., Kutzner, H.,
Cho, K.H., Aiba, S., Brocker, E.B., LeBoit, P.E., Pinkel, D., Bastian, B.C.
Distinct sets of genetic alterations in melanoma. N Engl J Med 17;353(20):2135-
47,2005.

Landi, M.T., Bauer, J., Pfeiffer, R.M., Elder, D.E., Hulley, B., Minghetti, P.,

Calista, D., Kanetsky, P.A., Pinkel, D., Bastian, B.C. MCIR Germline variants
confer risk for BRAF-mutant melanoma. Science 28:313(5786):521-2, 2006.

11



n.

0.

Yoruba, A., Mabogunje, O.A., Skin cancer in African albinos, Acta Oncol
32(60:621-2, 1993.

Luanda, J, Henschke, G.I., Mogammed, N. The Tanzanian human albino skin.
Natural History. Cancer. 15;55(8):1823-8, 1985.

12



