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Abstract
High mortality rate for metastatic melanoma is related to its resistant to the current methods of
therapy. Melanogenesis is a metabolic pathway characteristic for normal and malignant melanocytes
that can affect the behavior of melanoma cells or its surrounding environment. Human melanoma
cells in which production of melanin pigment is dependent on tyrosine levels in medium were used
for experiments. Peripheral blood mononuclear cells were derived from the buffy coats purchased
from Lifeblood Biological Services. Cell pigmentation was evaluated macroscopically, and
tyrosinase activity was measured spectrophotometrically. Cell proliferation and viability were
measured using lactate dehydrogenase release MTT, [3H]-thymidine incorporation and DNA content
analyses, and gene expression was measured by real time RT-PCR. Pigmented melanoma cells were
significantly less sensitive to cyclophosphamide and to killing action of IL-2-activated peripheral
blood lymphocytes. The inhibition of melanogenesis by either blocking tyrosinase catalytic site or
chelating copper ions sensitized melanoma cells towards cytotoxic action of cyclophosphamide, and
amplified immunotoxic activities of IL-2 activated lymphocytes. Exogenous L-DOPA inhibited
lymphocyte proliferation producing the cell cycle arrest in G1/0 and dramatically inhibited the
production of IL-1beta, TNF-alpha, IL-6 and IL-10. Thus, the active melanogenesis could not only
impair the cytotoxic action of cyclophosphamid but also has potent immunosuppressive properties.
This resistance to a chemotherapeutic agent or immunotoxic activity of lymphocytes could be
reverted by the action of tyrosinase inhibitors. Thus, the inhibition of melanogenesis might represent
a valid therapeutic target for the management of advanced melanotic melanomas.
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Cutaneous melanoma is a tumor derived from activated or genetically altered epidermal
melanocytes, following complex interactions between genetic, constitutional and
environmental factors.1–9 Melanoma represents the most rapidly increasing malignancy in the
white population, and its mortality rate is surpassed only by lung cancer.1,3,5 The high
mortality rate among melanoma patients is related to its progression to the therapy resistance
in stages III and IV of the disease; clinical cure of melanomas is only possible by surgery at
the radial growth phase (RGP) when the disease is still localized and restricted to the skin.1,
3,10–12 The subsequent progression from RGP to the vertical growth phase (VGP), signals
metastatic potential with important negative impact on survival; once the metastatic process
has started, the tumor becomes resistant to current methods of therapy.1,11–15
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In disseminated melanoma, treatment is usually palliative, addressed at improving the quality
of life, although surgical excision of lone metastasis to the lung or brain can be associated with
prolonged survival.3,12 Local relief for recurrent tumors or meta-static sites may follow
radiation therapy, or localized intra-arterial limb perfusion with chemotherapeutic agents for
advanced regional disease restricted to a limb.11 The response rate to chemotherapy is only
20–25%, rarely resulting in complete remission.13 Other agents tried, generally
unsuccessfully, in advanced cases include retinoids, high-dosage chemotherapy combined
autologous bone marrow transplantation and antibodies conjugated to isotopes, drugs and
biological toxins, and most recently, immunotherapy with interleukin-2 and α-interferon.16,
17

Therapeutic selectivity towards cells of melanocytic origin (and hence increase of local
effectiveness) has likely focused on immunotargeting.10,11,13,18–27 Among the proposed
antigens are the melanocyte related proteins (MRP) that include tyrosinase, tyrosinase related
proteins type 1 and 2 (TRP-1, TRP-2) and melanosomal antigens HMB-45 and MART 1.25,
26,28 Cell surface antigens that stimulate the humoral (antibody) response have also been
proposed to target the plasma membrane gangliosides GD2, GD3, 0-Ac-GD3 or GM2.29–31
Although rational and logical, none of the above strategies has yet been established as a therapy.
13,31

Interference with melanogenesis may be considered as an alternative, physiologically based
approach.4,32–40 This metabolic pathway is characteristically expressed in normal and
malignant melanocytes and involves the transformation of L-tyrosine to melanin pigment
through a series of oxidoreduction reactions.35 Clinically the melanin synthesis pathway serves
as a diagnostic tool, for example, differentiation marker that allows for the differentiation of
melanomas from other tumors; biologically, the presence of melanogenesis affects the behavior
of melanoma cells and their surrounding environment.8,35,41 More, specifically,
melanogenesis generates an oxidative environment and some of its intermediates (quinones
and semiquinones) are directly toxic and also mutagenic.35,42 Thus, the melanogenesis
associated mutagenic environment may potentially lead to genetic instability. Furthermore,
because melanogenesis intermediates can inhibit activity of immune cells an
immunosuppressive environment may surround the tumor.42 Lastly, the final product, melanin
(a light absorbing biopolymer with electromagnetic properties) can not only scavenge free
radicals and reactive oxygen species (ROS) but also chelates chemotherapeutic agents and
produces relatively hypoxic environment due to increased oxygen consumption.35,43 All of
these properties can affect the efficacy of chemotherapy, radiotherapy or photodynamic
therapy.

Because melanogenesis has the potential to affect the tumor behavior and thus melanoma
therapy outcome, we have tested the effects of suppression of melanogenesis on the
effectiveness of killing of melanoma cells by chemotherapeutic agent or by immune cells. We
evaluated the inhibitors of tyrosinase activity D-penicillamine and N-phenylthiourea (PTU),
and also tested the effect of the melanin precursor L-DOPA on lymphocyte viability and
production of proinflammatory cytokines. We used human melanoma cell line whose
amelanotic versus melanotic phenotype can be regulated by concentration of melanin
precursors in culture medium.44

Methods
Cell culture

Human SKMEL-188 melanoma cells were cultured in either Ham’s F10, Dulbecco’s Modified
Eagle’s Medium (DMEM) or DMEM:F10 at 1:1 ration supplemented with 5% fetal bovine
serum (FBS) and 1% antibiotics (penicillin/streptomycin/amphotericin, Sigma-Aldrich, St.
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Louis, MO). Melanin content in melanoma cells is dependent on the L-tyrosine levels in
medium, being ~10, 400 or 200 μM in F10, DMEM or F10:DMEM, respectively. The cells
were cultured at 37°C in 5% CO2 and the media were changed every second day as described
previously.44

Peripheral blood mononuclear cells (PBMC) were derived from the buffy coats (purchased
from Lifeblood Biological Services, Memphis, TN), separated by the standard Ficoll method
according to manufacturer’s protocol (Ficoll-Paque Plus, Amersham Biosciences, Uppsala,
Sweden). PBMC were resuspended in medium RPMI 1640 with 10% FBS and antibiotics and
incubated for 2 hr to let monocytes adhere to the surface of the culture dish. The lymphocytes
remaining in suspension were transferred to a new bottle and rhIL-2 (Sigma, St. Louis, MI)
was added to the concentration 200 U/ml. Alternatively, lymphocytes were activated with
lipopolysaccharide (LPS; 1,000 ng/ml) and used for the subsequent experiments. Composition
of lymphocytes suspensions was assessed with flow cytometry (CD3+: 73%, CD19+: 0.8%,
CD3+/4+: 5%, CD3+/8+: 14%, CD3−/56+/16+: 3%).

Cyclophosphamide, N-phenylthiourea (PTU) and D-penicillamine were purchased from Sigma
(St. Louis, MI).

MTT assay
Cells were seeded at a density of 5,000 cells per well into 96-well plates in growth media. After
24 hr, media were changed to appropriate incubation media containing graded concentrations
of cyclophosphamide and/or melanogenesis inhibitors. After incubation, 20 μl MTT ((3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide; 5 mg/ml in PBS; Sigma, St. Louis,
MI) was added and the plates were incubated at 37°C for 4 hr in the presence of 5% CO2. At
the end of the incubation period, media were discarded and 100 μl of acid (0.1 M hydrochloric
acid) isopropanol was added before measuring optical density at 570 nm with a plate reader.

3[H]-thymidine incorporation
PBMC were seeded at a density of 100,000/well into 96-well plates and treated as described
in Results and Discussion and Figure legends. [3H]thymidine (1 μCi/ml; Amersham
Biosciences (Piscataway, NJ)) was then added for 6 hr (supernatant experiment) or 18 hr (L-
DOPA experiment). Then, the media were discarded and the cells harvested on a glass fiber
filter. Radioactivity proportional to [3H]thymidine incorporated into DNA was counted with
Packard direct beta counter (Packard, Meriden, CA).

DNA content
Cell DNA content was measured by flow cytometry. PBMC were preincubated overnight in
RPMI 1640 with 10% FBS with IL-2 (200 U/ml). Then the media were changed, and IL-2 and
L-DOPA were added. After 24 hr, cells were washed with PBS and fixed with 70% ice-cold
ethanol. Ethanol was removed by centrifugation and the pellets were washed twice with PBS
before adding 0.5 ml of a solution of propidium iodide (50 μg/ml; Sigma (St. Louis, MI)) and
ribonuclease IA (0.1 mg/ml Sigma; St. Louis, MI) in Ca2+- and Mg2+-free PBS. Samples were
shaken for 30 min in 37°C and analyzed with a FACS Calibur cytometer (Beckton Dickinson,
San Diego, CA). The DNA content was estimated with the ModFit 2.0 program (Verity
Software House, Topsham, ME). Graph were prepared WinMDI2.8 (freeware from Joe Trotter,
Scripps Institute, La Jolla, CA). Events were gated in the forward scatter/side scatter window
to exclude debris, and in area/width FL2 windows to exclude doublets.
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Cytotoxicity assay (lactate dehydrogenase release)
Nonpigmented and pigmented melanoma cells were cultured as described above. Some of the
pigmented SKMEL-188 cells were cultured in DMEM:F10 medium in the presence or absence
of 10−3 M of N-phenylthiourea or D-penicillamine for 3 days. These cells were then
coincubated with IL-2-activated lymphocytes (preincubated with IL-2 200 U/ml for 24 hr) at
target:effector ratio 1:5; 5,000 melanoma cells per well in Ham’s F10 medium with 5% FBS
in U-bottom microwell plates. After 4 hr, the PBL-mediated cytotoxicity was measured with
the Cytotox96® nonradioactive cytotoxicity assay (Promega, Madison, WI). Briefly, plates
were centrifuged at 250g for 4 min, and 50 μl aliquots of supernatants were taken and analyzed.
The LDH amount released from target cells was measured using Promega kit reagents
according to the manufacturer’s protocol. Specific cytotoxicity was calculated according to the
formula:

% cytotoxicity=100 × [(PBL and melanoma cells LDH release –spontaneous PBL LDH release
–spontaneous melanoma cells release/(maximal melanoma cells LDH release –melanoma
spontaneous LDH release)]. Maximal release was obtained after lysis of the cells with a control
solution provided by the manufacturer. Culture medium background was subtracted from all
values.

Melanin content and tyrosinase activity
Cell pigmentation was evaluated macroscopically as described previously.44,45 Briefly, the
cells cultured in Ham’s F10, DMEM or DMEM supplemented with inhibitors of melanogenesis
N-phenylthiourea (PTU) or D-penicillamine were harvested, the equal amounts of the cells
were centrifuged into pellets and then photographed. Tyrosinase activity assay (DOPA
oxidase) was assayed in cell extracts as described previously.46 The values are presented either
as fold change in comparison to the control (Fig. 2) or in nmols of dopachrome formed per 1
mg protein during 1 hr of incubation (Fig. 2 legend); calculations were done using molar
coefficient of dopachrome at 475 nm (3,700).45

Real-time RT-PCR
Levels of proinflammatory cytokines mRNAs were measured at 1 hr, because modulation of
cytokine production has been previously reported at this time frame point.47 RNA was
extracted using Absolutely RNA RT-PCR Miniprep Kit (Stratagene, La Jolla, CA). Reverse
transcription was performed using High Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA). Transcripts were quantitated using applied biosystems primer/probe gene-
specific master mixes as described in Table I. The reaction was performed with Taqman®

Universal PCR Master Mix; data collected on ABI Prism 7700 and analyzed on Sequence
Detector 1.9.1. Specific mRNA amounts were calculated in relation to 18SrRNA using the
comparative ΔΔCT method.

Statistical analysis
Differences between means were tested for significance by one way ANOVA or Student’s test
(depending on the assay); p < 0.05 was considered as statistically significant using GraphPad
Prism 4 (GraphPad Software, San Diego, CA).

Results and discussion
Inhibition of melanogenesis increases melanoma sensitivity to killing action of
cyclophosphamide

To compare the effects of cyclophosphamide on the viability of amelanotic or melanotic human
melanoma cells, SKMEL-188 cells were propagated in the Ham’s F10 to maintain
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nonpigmented phenotype, or in Hams’ F10:DMEM to induce melanin synthesis.44,45
Pigmented and nonpigmented cells were seeded into 96-well plates and incubated with serial
dilutions of cyclophosphamide. After 24 hr, the viability of the cells was assayed with the MTT
test as described.48 As shown on Figure 1, the viability of pigmented melanoma cells is not
affected by cyclophosphamide at the concentrations tested (p > 0.05). In contrast,
nonpigmented SKMEL-188 cells were killed by cyclophosphamide in a dose-dependent
manner (Fig. 1). The effect was visible already at cyclophosphamide concentration of 10−6 M
(p = 0.033) and reached the maximum at 10−4 M (p < 0.0005).

Having observed that the presence of melanin significantly changes the response of melanoma
cells to antineoplastic agent, we tested whether the inhibition of melanogenesis will sensitize
melanoma cells to cyclophosphamide induced cytotoxicity. First, SKMEL-188 were cultured
in either Ham’s F10 (containing 10 μM tyrosine) or F10:DMEM (containing 200 μM tyrosine)
medium with 5% FBS and antibiotics in the presence or absence of D-penicillamine or PTU
(inhibitors of tyrosinase35). As shown in Figure 2a either inhibitor at the concentration 10−3

M caused almost complete depigmentation of previously pigmented cells. To quantify the
degree of melanogenesis inhibition, we measured tyrosinase activity as described previously.
46 Although pigmented cells exhibited more than ~3-fold higher tyrosinase activity than
nonpigmented cells, addition of melanization inhibitors decreased the tyrosinase activity to the
level observed in nonpigmented cells (~1-fold, at 10−4 M)(Fig. 2b).

To test the effect of melanogenesis suppression on cyclophosphamide toxicity, we used
pigmented SKMEL-188 cells or the cells that were depigmented by the action of PTU or D-
penicillamine (as described in Fig. 2). Cells were incubated in Ham’s F10 medium (low in
tyrosine) with 5% FBS and antibiotics with serial dilutions of cyclophosphamide for 24 hr and
the viability was assessed with the MTT test (Fig. 3). In this experiment, cyclophosphamide
could exert a statistically significant effect on pigmented cells but only at the very high
concentration (10−3 M) (~14%, p < 0.005)(Fig. 3a). In contrast, the cells depigmented by the
melanogenesis inhibitors were killed by the cyclophosphamide already at 10−6 M (p = 0.040
and p = 0.002) and the effect reached the maximum level at 10−3 M for either inhibitor: PTU
(p < 0.005) or D-penicillamine (p < 0.0005) (Fig. 3b and 3c).

These data clearly show that the melanotic phenotype attenuates cyclophosphamide toxicity
and conversely, that inhibition of melanogenesis by tyrosinase inhibitors sensitizes melanoma
cells to the chemotherapeutic action of the same agent. The results, therefore, are consistent
with the known chemical properties of melanin being a strong detoxifying agent and ROS
scavenger.34,35,43,49,50 Moreover, the induced sensitization of melanoma cells to
chemotherapy by inhibition of melanogenesis suggests a new therapeutic arena for the control
(adjuvant strategy) of this intractable disease in its advanced stages.

Inhibition of melanogenesis sensitizes melanoma cells against the action of IL-2-activated
peripheral blood lymphocytes

Because melanoma-associated antigens may generate B cell-, T cell- and NK-mediated
responses,11,29,31,51–53 we determined whether inhibition of pigmentation will make
melanoma cells more susceptible to immunotherapy, specifically, to killing by human
peripheral blood lymphocytes. For this experiment, we used four types of melanoma cells:
nonpigmented (cultured in Ham’s F10 medium), pigmented (cultured in DMEM:F10 medium),
depigmented (cultured in DMEM:F10 medium in the presence of N-phenylthiourea) for 3 days
and depigmented (cultured in DMEM:F10 medium in the presence of D-penicillamine) for 3
days. Peripheral blood lymphocytes (obtained as above) were activated by preincubation with
IL-2 200 U/ml for 24 hr, and the 4 types of SKMEL-188 cells were then coincubated with IL-2-
activated peripheral blood lymphocytes (at target:effector ratio 1:5) in Ham’s F10 medium
with 5% FBS. After 4 hr, release of LDH from melanoma cells killed by PBLs (PBL-mediated
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cytotoxicity) was measured. As shown in Figure 4, pigmented cells were almost completely
resistant to PBLs (<0.1% killed). However, relatively significant proportion of nonpigmented
cells were killed (~4%; p < 0.05). Most strikingly, the inhibition of melanogenesis by N-
phenylthiourea resulted in the killing of ~50% of melanoma cells by PBLs (p < 0.000000005).
Depigmented cells from treatment with D-penicillamine showed ~23% of killing by PBLs (p
< 0.000005). Note, that neither N-phenylthiourea nor D-penicillamine had affected the viability
of melanoma cells (Fig. 4b).

Therefore, the melanotic phenotype attenuates or abrogates the killing action of IL-2 activated
immune cells. This finding is important within the context of an ongoing effort to develop
effective immunotherapies against melanoma, including the use of IL-2.52,54 Of great interest
is striking stimulation of immunotoxicity against melanoma cells by tyrosinase inhibitors
suggesting that the inhibition of generation of immunosuppressive intermediates of
melanogenesis is allowing to mount an efficient immune response as proposed by us
previously.34,55 However, an additional effect of N-phenylthiourea nor D-penicillamine
(cation chelator) independent of melanogenesis inhibition cannot be ruled out.

Because peripheral blood lymphocytes exert a stronger cytotoxic effect against nonpigmented
or depigmented cells versus pigmented cells, we decided to determine if pigmented melanoma
cells release factors that inhibit lymphocyte proliferation. Pigmented and nonpigmented
melanoma cells were incubated in serum free DMEM for 1, 6, 24 hr and then the media were
collected. Conditioned media were added to the peripheral blood lymphocytes suspended in
RPMI with FBS and [3H]thymidine. Lymphocytes were then incubated for 6 hr and
incorporation of thymidine was measured. As shown in Figure 5a, proliferation of lymphocytes
incubated with media derived from above pigmented cells is lower by 16 ± 5% (p < 0.05) than
the proliferation of lymphocytes incubated with the media derived from above nonpigmented
cells. This can be explained by the presence of increased concentrations of intermediates of
melanogenesis in the medium conditioned by pigmented cells that inhibit proliferation and/or
function of lymphocytes.

Because L-DOPA is a major product released by pigmented cells (benign or malignant),35,
40,56–58 we tested its effects on immune cells (lymphocytes). We assessed L-DOPA effect
on lymphocyte proliferation and production of inflammatory cytokines. Peripheral blood
lymphocytes were activated with LPS and then incubated for 24 hr with serial dilutions of L-
DOPA. As shown on Figure 5a, L-DOPA inhibits lymphocyte DNA synthesis with EC50=2.8
× 10−4 M. Peripheral blood lymphocytes activated with IL-2 were then incubated for 24 hr
with L-DOPA at the 50 μM and the DNA content was measured with flow cytometry. L-DOPA
inhibited the transition from G1/0 to S phase of the cell cycle (Fig. 5b), since, in the control
sample, 59% of cells were in G1/0 phase of the cell cycle whereas L-DOPA treatment increased
that proportion to 84%. Concordantly, there were correspondent decreases of cell numbers in
S and G2/M phases. These data are in agreement with our previous findings on L-DOPA effects
on murine splenocytes and human lymphocytes.55 LPS activated peripheral blood
lymphocytes were also incubated with L-DOPA and the levels of inflammatory cytokines were
measured with real-time PCR. Cells pretreated with LPS only showed ~7.5-fold increase in
TNF-alpha mRNA, ~56.4-fold increase in IL-1beta mRNA, ~1,506-fold increase in IL-6
mRNA and 23.6-fold increase in IL-10 mRNA (Fig. 6). However, treatment of cells with L-
DOPA at concentration as low as 5 μM resulted in decrease of cytokine mRNAs to the levels
comparable or lower (p < 0.0005 at 1,000 μM) than these of unstimulated cells. Some authors
have reported that L-DOPA could stimulate production of IL-6 and TNF-alpha on protein level
in patients with Parkinson disease.59 However, because this effect has been moderate, random
and observed only at selected concentrations of L-DOPA, it is likely that the cytokines
accumulation in the media could be secondary to a release of proteins from lymphocytes killed
by L-DOPA. This has further been substantiated by the reported significant inhibition of DNA
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synthesis in lymphocytes exposed to L-DOPA,59 which concurs with our findings, and
indicates the lymphotoxic effect of this compound. Of note, the effect of L-DOPA on
expression of cytokine mRNA in our model was not only inhibitory but also very robust (from
20 to more than 1,000-fold inhibition).

Thus, L-DOPA and/or quinone/semiquinone products of its auto-oxidation (L-DOPA can
oxidize spontaneously starting slow nonenzymatic melanogenesis that can be accelerated by
metal cations35) are now identified as both inhibitors of lymphocyte proliferation (through
G1/0 arrest) and lymphocyte immune activity (through complete inhibition of tested cytokines
genes transcription). These results further provide a mechanistic explanation for the
preferential killing efficiency of IL-2 activated lymphocytes against amelanotic rather than
melanotic melanoma cells, and for the striking amplification of the immune activity by the
tyrosinase inhibitors PTU and D-penicillamine (Fig. 4). Hence, the production and release of
melanogenesis intermediates that include L-DOPA would generate an immunosuppressive
environment that enhances growth and unresponsiveness to therapy. Selective inhibition of
tyrosinase, an enzyme catalyzing a rate limiting reactions of the pathway may prevent such
outcome. Furthermore, the reported biologically active concentrations of L-DOPA can be
routinely detected in the melanotic tumor environment57 or even detected in serum from
patients with advanced melanotic melanomas.56,58

Conclusions
The data presented above have been generated in a well defined model, which clearly
demonstrates that the presence of melanin pigment or of active melanogenesis impairs
significantly the sensitivity of melanoma cells to chemo- or immunotherapy. Furthermore, we
showed the expected sensitization of melanoma cells towards cytotoxic action of
cyclophosphamide, and significant amplification of IL-2 activated lymphocytes immunotoxic
activities after the inhibition of tyrosinase activity. Thus, these findings, in conjunction with
the most recently reported radiosensitization of melanotic melanoma cells by inhibition of
tyrosinase activity,60 support further effort (e.g., in vivo testing) for the development of novel
therapies for melanotic melanoma based on the inhibition of melanogenesis. Such an approach
could amplify the effectiveness of existing chemotherapy or immunotherapy, and directly
contribute to inhibition of melanoma growth. Inhibition of melanogenesis may represent a
dawn of novel adjuvant therapeutic modality; because it will utilize already FDA approved
compounds used for treatment of Wilson disease and/or intoxication with heavy metals
(chelation of copper and other metal chelatorscations would inhibit tyrosinase activity) in
combination with existing chemotherapy or immunotherapy protocols.

In summary, we provide evidence obtained in vitro in support of the hypothesis that inhibition
of melanogenesis should be explored as a valid therapeutic target for the management of
advanced melanoma.
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Figure 1.
The absence of melanin pigment sensitizes SKMEL-188 melanoma cells against
cyclophosphamide. SKMEL-188 were grown in the medium containing low tyrosine levels
(10 μM, F10, nonpigmented) or high tyrosine (200 μM, DMEM:F10, pigmented). Pigmented
(black bars) and nonpigmented (white bars) cells were then seeded into 96-well plates and
incubated with serial dilutions of cyclophosphamide. After 24 hr, the viability of cells was
assayed with MTT test. Data is presented as means ± SEM for 6 independent measurements,
*p < 0.05, **p < 0.005, ***p < 0.0005 versus control. The experiment was repeated with similar
results.
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Figure 2.
D-penicillamine and N-phenylthiourea inhibit melanogenesis and tyrosinase activity in
SKMEL-188 melanoma cells. SKMEL-188 were incubated in either Ham’s F10 (containing
10 μM tyrosine) or DMEM:F10 (containing 200 μM tyrosine) medium with 5% FBS and
antibiotics in the presence or absence of D-penicillamine or N-phenylthiourea for 5 days (media
were changed and fresh compounds added every 2nd day). After harvesting and centrifugation
the pellets were photographed (a) and tyrosinase activity measured as described46 (b). Data
are presented as means ± SEM (n = 3). #p < 0.0005 versus F10,*p < 0.0005. **p < 0.00005
versus DMEM control. Tyrosinase activity for the cells cultured in F10 or DMEM was 10.8 ±
2.48 and 36.0 ± 0.7 nmols/mg/hr, respectively.
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Figure 3.
Inhibition of melanogenesis by N-phenylthiourea and D-penicillamine sensitizes KMEL-188
melanoma cells against cyclophosphamide. Pigmented melanoma cells (a) or cells
depigmented by b10−4 M N-phenylthiourea (b) or 10−3 M D-penicillamine (c) were transferred
to 96-well plates and incubated in Ham’s F10 medium with 5% FBS and serial dilutions of
cyclophosphamide. After 24 hr, the viability of cells was assayed with MTT test as described.
48 Data are presented as means ± SEM (n = 6), *p < 0.05, **p < 0.005, ***p < 0.0005.
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Figure 4.
The absence of melanin or inhibition of melanogenesis by N-phenylthiourea or D-penicillamine
sensitizes SKMEL-188 melanoma cells to killing action of IL-2-activated peripheral blood
lymphocytes, whereas neither N-phenylthiourea nor D-penicillamine affect the viability of the
melanoma cells. a: Nonpigmented SKMEL-188 cells were grown in Ham’s F10. Pigmented
cells were grown in DMEM:F10 medium; the depigmentation was achieved by addition of
either PTU or D-penicillamine (at 10−3 M) to the DMEM:F10 medium for 3 days. These cells
were coincubated with IL-2-activated (preincubated with IL-2 200 U/ml for 24 hr) peripheral
blood lymphocytes (at ratio 1:5) in Ham’s F10 medium with 5% FBS. After 4 hr, the PBL-
mediated cytotoxicity was measured with Cytotox96® nonradioactive cytotoxicity assay
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(Promega, Madison, WI). Data are presented as means ± SEM (n = 12), *p < 0.05, **p <
0.000005, ***p < 0.000000005 versus pigmented control cells. b: Pigmented SKMEL-188
were grown in the medium containing high tyrosine (200 μM, DMEM:F10) and were seeded
into 96-well plates and incubated with N-phenylthiourea or D-penicillamine at 10−3. After 24
hr, the viability of cells was assayed with MTT test. Data are presented as means ± SEM (n =
6).
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Figure 5.
The supernatant from above pigmented melanoma cells and L-DOPA inhibits lymphocyte
proliferation producing cell cycle arrest in G1/0. a: Pigmented and nonpigmented melanoma
cells were incubated in serum free DMEM for 1, 6, 24 hr and then the media were collected.
Conditioned media were added to the peripheral blood lymphocytes suspended in RPMI with
FBS and [3H]thymidine. Lymphocytes were incubated for 6 hr and then incorporation of
thymidine was measured. Data are presented as means ± SEM (n = 12). White columns:
lymphocytes stimulated with supernantant from nonpigmented melanoma cells, black
columns: lymphocytes stimulated with the supernatant from pigmented melanoma cells.
Control: lymphocytes stimulated with the supernatant from nonpigmented melanoma cells in
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each time point. b: Peripheral blood lymphocytes were preincubated with LPS (1,000 ng/ml)
for 24 hr and then incubated for 24 hr with serial dilutions of L-DOPA in medium RPMI 1640
containing 5% FBS and antibiotics. [3H]-thymidine was added for last 18 hr of incubation.
Data are presented as means ± SEM (n = 6), *p < 0.05, **p < 0.0001. c: Peripheral blood
lymphocytes were preincubated with IL-2 (200 U/ml) and then incubated for 24 hr with L-
DOPA at 50 μM in medium RPMI 1640 containing 5% FBS and antibiotics. Cells were then
fixed, stained and DNA content measured with flow cytometry. Data are representative of two
separate experiments. White histogram: control cells, gray histogram: cells stimulated with L-
DOPA.
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Figure 6.
L-DOPA inhibits cytokine production by peripheral blood lymphocytes. LPS (1,000 ng/ml)
activated peripheral blood lymphocytes (for 24 hr) were incubated with graded concentrations
of L-DOPA for 1 hr in RPMI 1640 containing 5% FBS and antibiotics. Cells were then lysed,
total RNA extracted, and levels of IL-1beta, TNF-alpha, IL-6 and IL-10 mRNAs were
measured after reverse transcription with real-time PCR. Data are presented as means ± SEM
(n = 3), #p < 0.0001 versus control without LPS, *p < 0.05, **p < 0.005, ***p < 0.0005
versus control with LPS.

Slominski et al. Page 18

Int J Cancer. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Slominski et al. Page 19

TABLE I
PROBES USED FOR REAL TIME PCR (APPLIED BIOSYSTEMS)

Gene name Genebank accession number FAM™ dye-labeled probe sequence Applied biosystems
catalog number

18SrRNA X03205.1 GGAGGGCAAGTCTGGTGCCAGCAGC Hs99999901_s1
TNF-α NM_000594.2 CCCATGTTGTAGCAAACCCTCAAGC Hs00174128_m1
IL-1β NM_000576.2 GGAGCAACAAGTGGTGTTCTCCATG Hs00174097_m1
IL-6 NM_000600.1 TTCAATGAGGAGACTTGCCTGGTGA Hs00174131_m1
IL-10 NM_000572.2 CGGCGCTGTCATCGATTTCTTCCCT Hs00174086_m1
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