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Abstract
D-penicillamine (3,3-Dimethyl-D-cysteine; DP) is an FDA-approved redox-active D-cysteine-
derivative with antioxidant, disulfide-reducing, and metal chelating properties used therapeutically
for the control of copper-related pathology in Wilson’s disease and reductive cystine-
solubilization in cystinuria. Based on the established sensitivity of metastatic melanoma cells to
pharmacological modulation of cellular oxidative stress, we tested feasibility of using DP for
chemotherapeutic intervention targeting human A375 melanoma cells in vitro and in vivo. DP
treatment induced caspase-dependent cell death in cultured human metastatic melanoma cells
(A375, G361) without compromising viability of primary epidermal melanocytes, an effect not
observed with the thiol-antioxidants N-acetyl-L-cysteine (NAC) and dithiothreitol. Focused gene
expression array analysis followed by immunoblot detection revealed that DP rapidly activates the
cytotoxic unfolded protein response (UPR; involving phospho-PERK, phospho-eIF2α, Grp78,
CHOP, and Hsp70) and the mitochondrial pathway of apoptosis with p53 upregulation and
modulation of Bcl-2 family members (involving Noxa, Mcl-1, and Bcl-2). DP (but not NAC)
induced oxidative stress with early impairment of glutathione homeostasis and mitochondrial
transmembrane potential. SiRNA-based antagonism of PMAIP1 expression blocked DP-induced
upregulation of the proapoptotic BH3-only effector Noxa and prevented downregulation of the
Noxa-antagonist Mcl-1, rescuing melanoma cells from DP-induced apoptosis. Intraperitoneal
administration of DP displayed significant antimelanoma activity in a murine A375 xenograft
model. It remains to be seen if melanoma cell-directed induction of UPR and apoptosis using DP
or improved DP-derivatives can be harnessed for future chemotherapeutic intervention.
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Introduction
Metastatic melanoma is a malignant tumor originating from neural crest-derived
melanocytes that causes the majority of skin cancer-related deaths, creating an urgent need
for the identification of improved molecular agents targeting metastatic melanoma cells [1].
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Despite recent clinical advances based on the availability of targeted therapies, curative
chemotherapeutic intervention remains an unmet challenge of ongoing melanoma drug
discovery and development [2, 3]. Cancer cell–selective induction of apoptosis through
pharmacological modulation of proteotoxic and oxidative stress has recently emerged as a
promising strategy for anticancer intervention [4–11]. Based on earlier research aiming at
the identification of experimental cancer chemotherapeutics that induce melanoma cell
apoptosis through induction of cytotoxic oxidative stress [6, 9, 12–15], the potential
antimelanoma activity of the redox drug D-penicillamine (3,3-dimethyl-D-cysteine; DP) was
the focus of this study. DP is a FDA-approved D-cysteine-derivative with antioxidant,
disulfide-reducing, and metal chelating properties used therapeutically for the control of
copper-related pathology in Wilson’s disease, lead poisoning, cystinuria, and rheumatoid
arthritis [16, 17]. Cancer cell-directed cytotoxicity of DP has been observed earlier,
attributed to a variety of molecular mechanisms of this pleiotropic drug that displays activity
as thiol-based antioxidant, disulfide-directed reducing agent, copper-depleting metal
chelator, copper-dependent pro- and antioxidant, and nucleophilic scavenger [18–24].
Cancer cell-selective induction of apoptosis by DP has been attributed to thiol-based
antioxidant activity [22], whereas prooxidant cytotoxic mechanisms involving production of
reactive oxygen species (ROS) have been shown to be operative when DP is administered
together with redox-active copper ions [21, 24].

Here, we have examined the molecular mechanisms underlying DP-induced melanoma cell
apoptosis. We show for the first time that this FDA-approved drug (I) induces apoptotic cell
death in cultured human metastatic melanoma cells without compromising viability of
primary epidermal melanocytes, (II) causes early upregulation of the unfolded protein
response (UPR), (III) activates the mitochondrial pathway of apoptosis with modulation of
Bcl-2 family members and causative involvement of NOXA (PMAIP1) upregulation, and
(IV) displays significant antimelanoma activity in a murine A375 xenograft model.

Materials and methods
Chemicals

All chemicals were purchased from Sigma Chemical Co (St. Louis, MO, USA). The cell-
permeable pancaspase inhibitor Z-VAD-fmk was from Calbiochem-Novabiochem (San
Diego, CA, USA).

Cell culture
A375 and LOX-IMVI human melanoma cells from ATCC (Manassas, VA, USA) were
cultured in RPMI medium containing 10% BCS and 2 mM L-glutamine. G361 human
metastatic melanoma cells (ATCC) were cultured in McCoy’s 5a medium containing 10%
BCS. Primary human epidermal melanocytes (adult skin, lightly pigmented: HEMa-LP from
Cascade Biologics, abbreviated HEMa) were cultured using Medium 154 medium
supplemented with HMGS-2 growth supplement. HEMa cells were passaged using
recombinant trypsin/EDTA and defined trypsin inhibitor. Cells were maintained at 37 °C in
5% CO2, 95% air in a humidified incubator.

Human stress and toxicity pathfinder™ RT2 profiler™ PCR expression array
After pharmacological exposure, total cellular RNA (3×106 A375 cells) was prepared
according to a standard procedure using the RNeasy kit (Qiagen, Valencia, CA, USA).
Reverse transcription was performed using the RT2 First Strand kit (Superarray, Frederick,
MD, USA) and 5 μg total RNA as described previously [13]. The RT2 Human Stress and
Toxicity Pathfinder™ PCR Expression Array (SuperArray) profiling the expression of 84
stress-related genes was run using the following PCR conditions: 95 °C for 10 min, followed
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by 40 cycles of 95 °C for 15 sec alternating with 60 °C for 1 min (Applied Biosystems 7000
SDS). Gene-specific product was normalized to GAPDH and quantified using the
comparative (ΔΔCt) Ct method as described in the ABI Prism 7000 sequence detection
system user guide as published earlier [13, 25]. Expression values were averaged across
three independent array experiments, and standard deviation was calculated for graphing.

DDIT3, PMAIP1, and BCL2 expression analysis by real time RT-PCR
For expression analysis by real time RT-PCR, total cellular RNA (3×106 cells) was prepared
using the RNeasy kit from Qiagen (Valencia, CA, USA). Reverse transcription was
performed using TaqMan Reverse Transcription Reagents (Roche Molecular Systems,
Branchburg, NJ, USA) and 200 ng of total RNA in a 50 μl reaction. Reverse transcription
was primed with random hexamers and incubated at 25 °C for 10 min followed by 48 °C for
30 min, 95°C for 5 min, and a chill at 4 °C. Each PCR reaction consisted of 3.75 μl of
cDNA added to 12.5 μl of TaqMan Universal PCR Master Mix (Roche Molecular Systems),
1.25 μl of gene-specific primer/probe mix (Assays-by-Design; Applied Biosystems, Foster
City, CA) and 7.5 μl of PCR water. PCR conditions were: 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s, alternating with 60 °C for 1 min using an Applied Biosystems 7000
SDS and Applied Biosystems’ Assays On Demand primers specific to DDIT3 (assay ID
Hs00358796_g1), PMAIP1 (assay ID Hs00560402_m1), BCL2 (assay ID
Hs00608023_m1), and GAPDH (assay ID Hs99999905_m1). Gene-specific product was
normalized to GAPDH and quantified using the comparative (ΔΔCt) Ct method as described
in the ABI Prism 7000 sequence detection system user guide [14]. Expression values were
averaged across three independent experiments, and standard deviation was calculated for
graphing.

siRNA-Transfection targeting PMAIP1 expression
A375 cells were transiently transfected with a 100 nmol pool of four small interfering RNA
(siRNA) oligonucleotides (oligos) targeting PMAIP1 or a 100 nmol pool of four
nontargeting siRNA oligos using the DharmaFECT 1 transfection reagent (Dharmacon RNA
Technologies, Lafayette, Colorado, USA) following a standard procedure [13]. The
sequences of siGENOME PMAIP1 SMARTpool (PMAIP1 siRNA) (GenBank: NM 021127)
were AAACUGAACUUCCGGCAGA, AUUCUGUAUCCAAACUCU,
CUGGAAGUCGAGUGUGCUA, and GCAAGAACGCUCAACCGAG. The oligos were
resuspended in the Dharmacon 1x siRNA buffer and incubated in serum free media for 5
min. The oligos were incubated with the transfection reagent for 20 min before cellular
treatment. Complete media was added to the siRNA oligo mixture and the cells were
incubated with the siRNAs in appropriate cell culture conditions for 48 h. Cells were then
re-transfected with another 100 nmol pool of four siRNA oligonucleotides targeting
PMAIP1 or a 100 nmol pool of four nontargeting siRNA oligonucleotides. After another 24
h, cells were either harvested for confirmation of PMAIP1 knockdown by Noxa-immunoblot
analysis or exposed to DHA followed by viability assessment using flow cytometric analysis
of AV-FITC/PI stained cells.

Immunoblot analysis
Sample preparation, SDS-PAGE, transfer to nitrocellulose, and development occurred as
described earlier [13, 25, 26]. Gel percentages were 15% (Noxa) and 12% (all other
antigens). Antibodies were purchased from the following manufacturers: Cell Signaling
Technology (Danvers, MA): anti-CHOP (mouse monoclonal); anti-PERK, anti-phospho-
PERK (Thr980), anti-phospho-eIF2α, anti-eIF2α (total), anti-cytochrome C, anti-PARP,
anti-Bcl-2 (rabbit monoclonal); anti-Bax, anti-PUMA, anti-Mcl-1 (rabbit polyclonal). Santa
Cruz Biotechnology (Santa Cruz, CA): anti-p53 (mouse monoclonal); anti-GRP78, anti-
ATF4, anti-BAK, anti-Bax, anti-PUMA, anti-Mcl-1 (rabbit polyclonal); anti-Bcl-2 (rabbit
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monoclonal). EMD Chemicals, Gibbstown, NJ: mouse anti-Noxa IgG (OP180); Enzo Life
Sciences, Farmingdale, NY: anti-Hsp70 (mouse monoclonal). The following secondary
antibodies were used: HRP-conjugated goat anti-rabbit antibody or HRP-conjugated goat
anti-mouse antibody (Jackson Immunological Research, West Grove, PA). Equal protein
loading was examined by β-actin-detection using a mouse anti-actin monoclonal antibody
(Sigma).

Flow cytometric cell death analysis
Viability and induction of cell death (early and late apoptosis/necrosis) were examined by
annexin-V-FITC (AV)/propidium iodide (PI) dual staining of cells followed by flow
cytometric analysis as published previously [12]. Cells (100,000) were seeded on 35 mm
dishes and received drug treatment 24 hours later. Cells were harvested at various time
points after treatment and cell staining was performed using an apoptosis detection kit
according to the manufacturer’s specifications (APO-AF, Sigma, St. Louis, MO, USA).

Flow cytometric detection of cleaved procaspase-3, phospho-p53 (Ser15), and phospho-
H2A.X

Treatment-induced proteolytic caspase-3 activation and formation of phospho-p53 (Ser15)
and phospho-H2A.X were examined in cultured A375 human melanoma cells using
antibodies directed against cleaved/activated caspase-3 (Asp 175), phospho-p53 (Ser15), and
phospho-histone H2A.X (Ser139) (Alexa Fluor 488 conjugates, Cell Signaling, Danvers,
MA, USA) followed by flow cytometric analysis as published recently [12, 25].

Detection of intracellular oxidative stress by flow cytometric analysis
Induction of intracellular oxidative stress by DP was analyzed by flow cytometry using 2′,
7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as a sensitive non-fluorescent
precursor dye according to a published standard procedure [12].

Determination of reduced cellular glutathione content
Intracellular reduced glutathione was measured using the GSH-Glo Glutathione assay kit
(Promega; San Luis Obispo, CA) as described recently [27]. Cells were seeded at 100,000
cells/dish on 35 mm dishes. After 24 h, cells were treated with test compound. At selected
time points after addition of test compound, cells were harvested by trypsinization and then
counted using a Coulter counter. Cells were washed in PBS, and 10,000 cells/well (50 μl)
were transferred onto a 96-well plate. A standard curve was prepared using a serial dilution
of reduced glutathione. GSH-Glo reagent (50 μl) containing luciferin-NT and glutathione-S-
transferase was then added followed by 30 min incubation. After addition of luciferin
detection reagent to each well (100 μl) and 15 min incubation luminescence reading was
performed using a BioTek Synergy 2 Reader (BioTek, Winooski, VT, USA). Data are
normalized to GSH content in untreated cells and expressed as means ± SD (n=3).

Mitochondrial Transmembrane Potential
Mitochondrial transmembrane potential (Δψm) was assessed using the potentiometric dye
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) following
a published procedure [12]. In brief, cells were trypsinized, washed in PBS, resuspended in
300 μl PBS containing 5 μg/ml JC-1 for 15 min at 37°C and 5% CO2 in the dark, then
washed twice in PBS and resuspended in 300 μl PBS. Bivariate analysis was performed by
flow cytometry with excitation at 488 nm, and mitochondrial function was assessed as JC-1
green (depolarized mitochondria, detector FL-1) or red (polarized mitochondria, detector
FL-2) fluorescence.
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Mitochondrial and cytosolic protein extraction for cytochrome c detection
Mitochondrial and cytosolic fractions were isolated using a cytochrome c EIA Kit (Enzo
Life Sciences, Farmingdale, NY), and cytochrome c was then detected by immunoblot
analysis (anti-cytochrome c, rabbit polyclonal, Cell Signaling Technology).

Comet assay (alkaline single cell electrophoresis)
The alkaline comet assay was performed on A375 melanoma cells according to the
manufacturer’s instructions (Trevigen, Gaithersburg, MD, USA) as published recently [26,
27]. After treatment, cells (100,000 per 100 mm dish) were harvested by gently scraping and
suspended in 500 μl PBS. An aliquot (50 μl) was mixed with low-melting-point agarose
(450 μl) and spread on pretreated microscope slides. To allow DNA unwinding and
expression of alkali-labile sites, slides were exposed to alkaline buffer (1 mM EDTA and
300 mM NaOH, pH >13) protected from light at room temperature for 45 min.
Electrophoresis was conducted in the same alkaline buffer for 20 min at 300 mA. After
electrophoresis, slides were rinsed three times in distilled H2O, then fixed in 70 % ethanol
for 5 min. Cells were stained with SYBR™ Green and then visualized and analyzed using a
fluorescence microscope (fluorescein filter) and CASP software. At least 75 tail moments
for each group were analyzed in order to calculate the mean ± S.D. for each group.

Human A375 Melanoma SCID mouse xenograft model
A375 human melanoma cells were grown in HyQ RPMI-1640 media (HyClone)
supplemented with 10% fetal bovine serum (Omega Scientific), and maintained in 5%
CO2-95% air humidified atmosphere at 37°C. Subconfluent cells were harvested by using
0.25% trypsin-EDTA (HyClone). Cells (>90% viability) were resuspended at the
concentration of 10 × 106 cells/100μl of sterile saline. A SCID mouse colony was developed
at the University of Arizona using original SCID (C.B-17/IcrACCSCID) obtained from
Taconic (Germantown, New York). The mice were housed in microisolator cages
(Allentown Caging Equipment Company, Allentown, N.J.) and maintained under specific
pathogen-free conditions. Every month mice were screened by ELISA serology for
mycoplasma, mouse hepatitis virus, pinworms, and Sendai virus and tested negative. SCID
mice 6–8 weeks of age were bled (<200 μl) by retroorbital puncture in order to screen for
the presence of mouse IgG using an ELISA. Only mice with IgG levels ≤ 20 ug/ml were
used for the experiments. The mice ate NIH-31 irradiated pellets (Tekland Premier,
Madison, WI) and received autoclaved water. Animal facilities are approved by the
Association for the Assessment and Accreditation of Laboratory Animal Care International
and in accordance with United States Department of Agriculture, Department of Health and
Human Services, and NIH regulations. A375 cell injections (10 × 106 cells) were given
subcutaneously on the mouse’s lower right flank on day 0, and after tumors became
established (~65 mm3) mice were pair-matched into the treatment groups. The following
day, treatment with DP or carrier only was initiated. DP (in PBS; 1,200 mg/kg/d, i.p., b.i.d.;
n=12)) was given on days 1–10 post the day of pair-matching, whereas control animals
received carrier only (n=12). Subcutaneous tumors were measured twice weekly for tumor
volume estimation (mm3) in accordance with the formula (a2 × b)/2 where a is the smallest
diameter and b is the largest diameter. The mice were sacrificed individually by CO2 when
the tumors reached a volume of 2000 mm3. Tumor growth curves were obtained by
determining average tumor volumes until day 30 after cell injection, and data points were
analyzed using the two-sided Student’s t test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). All
procedures were completed in accordance with the University of Arizona Institutional
Animal Care and Use Committee (IACUC) protocol (# 07-029, approved May 24, 2007).
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Immunohistochemical characterization of tumor tissue from mice xenografts
At the time of analysis, tumors from SCID mice were harvested and tumor tissue sections
were analyzed for cleaved (activated) procaspase 3 (Asp175) according to published
procedures [14]. Briefly, tissues were harvested, fixed in 10 % neutral buffered formalin for
24 hours, processed and embedded in paraffin. Routine hematoxylin stain was performed on
threemicron sections of tissue, and immunohistochemistry was performed using a rabbit
polyclonal antibody to cleaved procaspase 3 (Asp175; large fragment) (#9661, Cell
Signaling Technology; 1:100 dilution). Detection of primary antibody was performed on a
Discovery XT Automated Immunostainer (Ventana Medical Systems,

Inc, Tucson, Arizona) using a biotinylated-streptavidin-HRP and DAB system. Hematoxylin
counterstaining was also performed online. Following staining on the instrument, slides
were dehydrated through graded alcohols to xylene and coverslipped with Pro-Texx
mounting medium. Images were captured using an Olympus BX50 and Spot (Model 2.3.0)
camera. Images were standardized for light intensity. No automated analysis of the data was
performed.

Statistical analysis
Unless indicated differently, the results are presented as mean ± S.D. of at least three
independent experiments. All data were analyzed employing one-way analysis of variance
(ANOVA) with Tukey’s post hoc test using the Prism 4.0 software. Differences were
considered significant at p ≤ 0.05. Means without a common letter differ.

Results
DP induces caspase-dependent cell death in human A375 metastatic melanoma cells but
not in primary epidermal melanocytes

In an attempt to examine the potential antimelanoma activity of DP at the cellular level,
differential cytotoxicity of DP directed against metastatic A375 melanoma cells and primary
epidermal melanocytes (HEMa) was assessed by flow cytometric analysis using annexinV-
FITC/propidium iodide-staining (Fig. 1). Exposure to DP (10 mM, 24 h) induced
pronounced cell death in metastatic melanoma cells (Fig. 1A), but no significant impairment
of viability was observed in DP-exposed primary epidermal melanocytes (Fig. 1B).
Consistent with earlier observations, efficient induction of A375 cell death required
exposure to millimolar concentrations DP and was not observed at concentrations below 1
mM (data not shown) [22]. Exposure to the thiol-antioxidant and DP-related cysteine-
derivative N-acetyl-L-cysteine (NAC; 10 mM, 24 h) did not impair cell viability (Fig. 1C);
similarly, the dithiol-based reducing agent dithiothreitol (DTT; 10 mM, 24 h) did not induce
cell death (data not shown). DP-induction of cell death was efficiently blocked in the
presence of the pan-caspase inhibitor zVADfmk (40 μM, 1 h preincubation) (Fig. 1C), and
pronounced activation of caspase-3 (approximately two fold) was observed already within 6
h exposure time reaching a maximum after 24 h (approximately 15 fold) as assessed by flow
cytometric detection of cleaved procaspase-3 (Fig. 1D), consistent with an apoptotic mode
of DP-induced A375 melanoma cell death. Further analysis confirmed DP-induction of cell
death in other metastatic melanoma cell lines (G361, LOX-IMVI) that was blocked by
zVAD-fmk pretreament (Fig. 1E). Consistent with an apoptotic mode of DP-induced cell
death, pronounced PARP cleavage detected by immunoblot analysis was detectable within
12 h exposure in A375 and G361 cells (Fig. 1F).
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Array analysis reveals DP-induced upregulation of cytotoxic stress response gene
expression in A375 melanoma cells

To gain further mechanistic insight into the molecular events underlying melanoma cell-
directed induction of cell death by DP, modulation of stress and toxicity response gene
expression was examined in A375 cells exposed to DP (10 mM, 24 h exposure) using the
RT2 Human Stress and Toxicity Profiler™ PCR Expression Array technology (SuperArray,
Frederick, MD) (Fig. 2A).

Out of 84 stress-related genes contained on the array DP-induced upregulation of expression
affected 17 genes by at least three-fold over untreated control cells, indicative of genotoxic,
proteotoxic, and oxidative stress as summarized in Fig. 2B. Induction of the p53-regulated
gene growth arrest and DNA-damage-inducible, alpha [GADD45A (25.4 fold)], known to
be responsive to genotoxic and other types of cytotoxic stress, was detected. Pronounced
upregulation of gene expression indicative of the unfolded protein response (UPR) was
observed including DNA damage inducible transcript 3 [DDIT3/GADD153 (53.8 fold)] and
heat shock protein encoding genes [such as HSPA2 (15.1 fold), HSPA6 (9.4 fold), HSPA1L
(3.4 fold), and HSPA1A (3.0 fold)]. Massive upregulation of the oxidative stress-responsive
transcription factor and tumor suppressor early growth response protein 1 [EGR1 (46.7
fold)] was also detected. Expression changes also affected antioxidant defense enzyme
encoding genes {upregulation of heme oxygenase 1 [HMOX1 (4.7 fold)] and glutathione S-
transferase mu 3 [GSTM3 (4.3 fold)]} together with downregulation of catalase [CAT (6.2
fold)], consistent with the detection of DP-induced cellular oxidative stress (as detailed in
Fig. 4A and B). In addition, DP-treatment caused altered expression of genes encoding
enzymes involved in redox metabolism {flavin monooxygenases [FMO1 (34.0 fold), FMO5
(34.6 fold)]; cytochrome P450 monooxygenases [CYP1A1 (8.3 fold), CYP2E1 (5.3 fold)]}
and inflammatory signaling {prostaglandin-endoperoxide synthase 1 [PTGS1 (22.7 fold)];
inducible nitric oxide synthase 2 [NOS2A (4.6 fold)]; chemokines [CCL3 (19.3 fold) and
CCL4 (40.3 fold)]}.

The unfolded protein response (UPR) is induced at the mRNA and protein level in DP-
exposed A375 melanoma cells

Led by upregulated expression of DDIT3, HSPA2, HSPA6, HSPA1L, and HSPA1A as
observed by array analysis we further examined DP-treated A375 melanoma cells for the
occurrence of ER stress and UPR at the mRNA and protein level (Fig. 3).

Time course analysis by quantitative RT-PCR and immunoblot detection revealed early
upregulation of CHOP (CCAAT/-enhancer-binding protein homologous protein), the
transcription factor encoded by DDIT3 (Fig. 3A). DDIT3 upregulation occurred within 3 h
continuous exposure, and mRNA levels exceeded control levels by almost 40-fold within 9
h exposure. As a positive control, CHOP protein upregulation was monitored in response to
thapsigargin (T), an inducer of ER stress and UPR through inhibition of SERCA (sarco/
endoplasmic reticulum)-Ca2+ ATPase (Fig. 3B and C) [15].

Consistent with UPR-induction by DP, increased cellular levels of heat shock proteins were
detected. Rapid upregulation of GRP78 (78 kDa glucose-regulated protein, also known as
BiP or heat shock 70kDa protein 5, a molecular chaperone and upstream UPR regulator
located in the lumen of the ER) and inducible Hsp70 (encoded by HSPA1A) was observed
(Fig. 3A). In contrast, no DP-induced quantitative changes at the protein level occurred with
the UPR-associated transcription factor ATF4 [28]. Next, we examined DP-induced changes
affecting eukaryotic translation initiation factor eIF2α, since cytotoxic ER stress is known to
cause inhibitory phosphorylation of eIF2α through activation of PERK [double-stranded
RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase] [29]. Comparing
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total versus phospho-eIF2α protein levels by immunoblot analysis, DP-induced
phosphorylation was detected within 1 h continuous exposure indicating rapid induction of
ER stress-signaling (Fig. 3A). Consistent with the effects of DP treatment on eIF2α
phosphorylation, PERK activation by autophosphorylation of its cytoplasmic kinase domain
(Thr980) was detected at early time points (1–9 h) (Fig. 3A). In contrast, at equimolar
concentrations, NAC was unable to induce upregulation of DDIT3 mRNA levels (Fig. 3B)
or eIF2α phosphorylation (Fig. 3C, middle panel). Only a transient induction of eIF2α
phosphorylation was observed using dithiothreitol (DTT), an established UPR-inducer
known to cause ER stress through reductive protein unfolding (Fig. 3C, bottom panel) [30].
In contrast to DP-induced upregulation of Hsp70 protein levels (Fig. 3A), no upregulation of
Hsp70 occurred in response to NAC or DTT treatment (Fig. 3C). Importantly, DP-induced
modulation of Hsp70 and eIF2α phosphorylation was also observed in other metastatic
melanoma cell lines including G361 (Fig. 5C)

Taken together, these data demonstrate for the first time that DP treatment of metastatic
melanoma cells induces ER stress/UPR characterized by upregulation of Hsp70 and the ER-
chaperone GRP78, autophosphorylation of PERK, phosphorylation of eIF2α, and increased
expression of CHOP detected at the mRNA and protein level.

Upregulation of cellular oxidative and mitochondriotoxic stress occurs in response to DP
treatment

Led by modulation of stress response gene expression indicative of DP-induced oxidative
stress (EGR1, HMOX1, NOS2A, CAT; Fig. 2), we further examined the occurrence of
redox alterations in DP-treated A375 melanoma cells at early time points (Fig. 4A–B).
Indeed, cellular reduced glutathione levels were depleted by more than 40 % within 6 h DP
exposure (Fig. 4A). Moreover, using 2′,7′-dichloro-dihydrofluorescein diacetate detection of
intracellular peroxide levels by flow cytometry, an approximately three-fold increase in
DCF fluorescence intensity [(mean ± S.D.): control: 8.4 ± 1.0; DP: 28.5 ± 3.6; n=3; p<0.05]
was observed after 6 h continuous exposure indicating the occurrence of cellular oxidizing
species in response to DP (Fig. 4B), a finding consistent with prior research on DP-induced
redox alterations targeting cancer cells [24]. In contrast, exposure to an equimolar
concentration of the closely related cysteine-derivative and antioxidant NAC did not cause a
reduction in the cellular glutathione pool (Fig. 4A), and a statistically significant reduction
in DCF fluorescence by more than 50% versus untreated control cells [(mean ± S.D.):
control: 8.4 ± 1.0; NAC: 3.8 ± 1.5; n=3; p<0.05] was observed after 6 h continuous exposure
(Fig. 4B), an observation consistent with the antioxidant properties of NAC.

Next, flow cytometric analysis using the sensor dye JC-1 revealed an early impairment of
mitochondrial integrity as indicated by loss of mitochondrial transmembrane potential
(Δψm) that became already apparent at 6 h DP exposure (more than 50% of cells displaying
loss of Δψm; Fig. 4C). Consistent with a causative involvement of mitochondriotoxicity in
DP-induced apoptosis, immunodetection of cytochrome c (cytosolic versus mitochondrial)
indicated massive mitochondrial release of this apoptotic key mediator, detectable within 6–
12 h exposure time and completed within 24 h (Fig. 4E). Moreover, significant rescue of
A375 cells from DP-induced apoptosis was achieved by cotreatment with cyclosporine A, a
pharmacological inhibitor of mitochondrial permeability transition pore opening, providing
further evidence in support of a causative involvement of mitochondrial events in DP-
induced apoptosis (Fig. 4D) [31].

Next, led by expression changes affecting DNA-damage responsive genes (GADD45A,
DDIT3, UNG; Fig. 2) we examined the occurrence of DP-induced impairment of genomic
integrity (Fig. 4F). However, alkaline single cell electrophoresis (comet assay) of A375
melanoma cells did not indicate the induction of DNA damage in response to DP exposure
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at time points (up to 6 h) when induction of oxidative, proteotoxic, and mitochondriotoxic
stress already had become apparent. Consistent with this finding, flow cytometric analysis of
phospho-H2A.X status, an established marker of DNA strand breaks, did not reveal DP-
induced changes affecting genomic integrity (data not shown) [26].

Earlier work has suggested the involvement of p53 expression in DP-induction of cancer cell
death [22]. Indeed, in A375 melanoma cells, pronounced upregulation of cellular p53
protein levels was observed by immunoblot detection as early as within 1 h reaching a
maximum at 9 h exposure time (Fig. 4G). However, phospho-p53 (Ser15), a common
posttranslational modification in response to genotoxic stress, was not detectable in DP-
treated cells by flow cytometric analysis using an Alexa488-conjugated monoclonal
antibody (data not shown) [27]. Interestingly, DP-upregulation of cellular p53 protein levels
occurred with pronounced downregulation of TP53 mRNA levels (detectable within 1 h
exposure and down to 20% of untreated controls within 6 h) observed over the same time
course (Fig. 4H). Further time course analysis examined p53 protein levels in cells first
pretreated with DP (3h, 10 mM) or left untreated, followed by exposure to the translation
inhibitor cycloheximide (CHX; 25 μM, 0–120 min; Fig 4I). In control cells (unexposed to
DP) p53 protein was undetectable within 60 min after CHX exposure, a finding consistent
with the rapid turnover of this protein documented before. In contrast, after DP-
pretreatment, p53 levels were maintained throughout 120 min after CHX addition. These
data suggest that a DP-induced increase in p53 protein levels (Fig. 4G) observed together
with TP53 transcriptional downregulation (Fig. 4H) originates from blockade of protein
turnover (Fig. 4I). However, more detailed mechanistic studies are necessary to further
elucidate the mechanistic basis of DP-induced p53 protein upregulation.

Taken together, these data demonstrate that DP exposure causes early induction of oxidative
and mitochondriotoxic (but not genotoxic) stress with upregulation of p53 levels detectable
in metastatic melanoma cells.

DP modulates the expression of Bcl-2 family members Noxa, Mcl-1, and Bcl-2 involved in
mitochondrial apoptosis of A375 melanoma cells

Following detection of impaired mitochondrial transmembrane potential, cytochrome c
release, rescue from DP-induced cell death by cyclosporine A cotreatment, and upregulation
of p53 protein levels at early time points, we further examined mitochondrial involvement in
DP-induced apoptosis. First, p53-regulated Bcl2-family members potentially involved in
mitochondria-dependent melanoma cell death were examined by quantitative RT-PCR and
immunoblot analysis (Fig. 5A–C). Importantly, DP treatment (at concentrations ≥ 5 mM)
caused massive upregulation of the proapoptotic BH3-domain only protein Noxa (encoded
by PMAIP1) observed at the transcriptional (Fig. 5B) and protein level (Fig. 5A), an effect
that was already apparent at 1 h exposure time. DP-induced Noxa upregulation was also
observed in other human metastatic melanoma cell lines including G361 (Fig. 5C). In
contrast, Noxa-modulation was not observed at equimolar concentrations of the cysteine-
derivative NAC (Fig. 5A, bottom panel), consistent with the lack of apoptogenicity of NAC
as observed above (Fig. 1C).

In contrast to DP-modulation of Noxa, the p53-regulated proapototic Bcl-2 family members
Bax and Bak did not display any expression changes (Fig. 5A). Interestingly, the pro-
apoptotic BH3-domain only proteins PUMAα (p53-upregulated modulator of apoptosis) and
PUMAβ displayed downregulation at the protein level, a paradoxical effect known to occur
in the context of apoptotic cell death, attributable to caspase-dependent degradation after
commitment to mitochondrial apoptosis has occurred [32].
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Consistent with Noxa-involvement in DP-induced mitochondrial apoptosis, we observed
that the anti-apoptotic Bcl-2-homologue Mcl-1, known to antagonize Noxa proapototic
activity, was downregulated at the protein level, an effect observed in A375 and G361 cells
(Fig 5A, C, and E) [33–37]. We also detected DP-induced downregulation of the anti-
apoptotic factor Bcl-2 (encoded by BCL2), observed at the transcriptional and protein level
in A375 and G361 cells (Fig. 5D), an important determinant of cell viability known to be
transcriptionally attenuated by CHOP (DDIT3) in response to ER stress (Fig. 3A–B) [38].

Genetic antagonism of PMAIP1 (Noxa) expression provides partial protection against DP-
induced apoptosis in A375 metastatic melanoma cells

Based on the established key role of Noxa in the mitochondrial pathway of apoptosis [33–
37], we then tested the hypothesis that upregulation of PMAIP1 expression may be
causatively involved in DP-induced A375 melanoma cell death. To this end, genetic target
modulation by siRNA (small interfering RNA) targeting PMAIP1 expression was employed
(Fig. 5E–F). First, efficacy of PMAIP1 knockdown (siPMAIP1) was confirmed at the
protein level (Fig. 5E). DP-induced upregulation of Noxa protein levels, as observed earlier
in wildtype A375 control cells (Fig. 5A), could be blocked by prior transfection using
siPMAIP1 oligonucleotides (Fig. 5E, top right panel), but was not suppressed when
transfection occurred using non-targeting siRNA control reagent (siControl; Fig. 5E, top left
panel). In parallel, DP-induced Mcl-1-downregulation occurred in siControl-treated cells
(Fig. 5E, middle left panel) but not in siPMAIP1-treated cells (Fig. 5E, middle right panel),
consistent with the established role of Noxa in causing Mcl-1 degradation.

Next, the effect of siPMAIP1 intervention on DP-induced apoptosis was examined in A375
cells (Fig. 5F). Flow cytometric analysis indicated that significant cytoprotection against
prolonged exposure to DP (10 mM, 36 h) was achieved in siPMAIP1-transfected (viability:
44.8 ± 6.4 %) versus siControl-transfected (viability: 18.8 ± 4.9 %; p< 0.05) cells.
Moreover, in siPMAIP1-transfected cells progression of DP-induced cell death was
significantly delayed as obvious from an increased proportion of compromised cells in early
(lower right quadrant: AV+/PI−) versus late apoptosis (upper right quadrant: AV+/PI+),
whereas most siControl-treated cells displaying DP-induced loss of viability were already in
late apoptosis (AV+/PI+) at the time of flow cytometric analysis. Pronounced cytoprotection
and delay of apoptotic progression achieved by genetic antagonism targeting PMAIP1
expression support the conclusion that Noxa/Mcl-1 modulation is an important causative
factor in DP-induced mitochondrial apoptosis of melanoma cells. However, further analysis
revealed that DP-induced downregulation of cellular Bcl-2 protein levels (Fig. 5D) was not
suppressed by siPMAIP1 treatment (Fig. 5E, right bottom panel), consistent with the finding
that siPMAIP1-based intervention only partially blocked DP-induced melanoma cell death.
Taken together, these findings demonstrate the causative involvement of Noxa-/Mcl1-
modulation in DP-induced melanoma cell apoptosis that also involves Noxa-independent
pathways of caspase-mediated cell death including Bcl-2.

DP inhibits tumor growth in a human A375 melanoma murine xenograft model
Earlier research suggests anticancer activity of DP observed in vitro and in vivo. We
therefore tested DP as a potential inhibitor of melanoma tumor growth in a murine xenograft
model of the disease (Fig. 6). Indeed, daily intraperitoneal administration at high doses
(1,200 mg/kg/day) induced a pronounced suppression of tumor growth in human A375
melanoma xenograft-bearing SCID mice, which reached the level of statistical significance
(p < 0.05 versus PBS-treated control) between days 18 and 27 after A375 cell injection. At
the end of the treatment period (day 27) average tumor weights of DP-treated animals were
approximately 70% lower than those of PBS-treated controls (Fig. 6A).
Immunohistochemical analysis of xenograft tumor tissue harvested at the end of the
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treatment regimen indicated pronounced cleavage of procaspase 3 (Asp175) in response to
DP exposure [percentage of activated caspase 3-positive cells per total number of nuclei:
8.21 ± 6.81 (control tumors) versus 23.46 ± 9.70 (DP-treated tumors); mean ± S.D.; n=3; p
< 0.05; Fig. 6C], consistent with a pro-apoptotic effect of systemic DP intervention.
Importantly, during DP treatment, no compound-related adverse reactions or average weight
loss that would be indicative of toxic systemic effects were observed as compared to carrier-
treated control mice (Fig. 6B).

Discussion
Based on prior research documenting the ability of DP to impair redox homeostasis and
viability of cancer cells, we tested the antimelanoma activity of DP in vitro and in vivo. DP
(but not equimolar concentrations of the thiol-antioxidant NAC) induced caspase-dependent
cell death in cultured human metastatic A375 melanoma cells without compromising
viability of primary epidermal melanocytes (Fig. 1). Early responses to DP exposure
involved upregulation of cellular levels of p53 and its downstream target Noxa, a
proapototic BH3-only protein member of the Bcl-2 family that facilitates mitochondrial
outer membrane permeabilization in melanoma cells, observed at the protein and mRNA
(PMAIP1) level (Figs. 4G and 5A–C)[15, 33–37]. In parallel, downregulation of Mcl-1, the
antiapoptotic Bcl-2 family member known to antagonize Noxa-facilitation of membrane
permeabilization, was observed (Fig. 5A, C, and E)[39]. Consistent with a mitochondrial
mode of DP-induced apoptosis, loss of mitochondrial transmembrane potential became
apparent within 6 h exposure accompanied by mitochondrial release of cytochrome c (4C
and E), and partial rescue from DP-induced cell death was achieved by cotreatment with the
inhibitor of mitochondrial membrane permeabilization cyclosporin A (Fig. 4D),

Noxa upregulation/Mcl-1 downregulation upstream of subsequent mitochondrial outer
membrane permeabilization and cytochrome C release has recently emerged as a promising
key mechanism underlying potent apoptogenicity of various experimental drugs targeting
metastatic melanoma [15, 33–37]. We therefore decided to further explore the causative
involvement of Noxa in DP-induced melanoma cell death (Fig. 5E and F). Significant yet
incomplete protection against DP-induced apoptosis was observed when Noxa (PMAIP1)
expression was suppressed using a genetic siRNA-based approach. However, DP-induced
downregulation of Bcl-2, another major antiapoptotic factor modulated by DP exposure, was
not antagonized (Fig. 5D and E, bottom panels), an observation consistent with the limited
protective effect achieved by siPMAIP1-based intervention (Fig. 5F).

After excluding rapid induction of genotoxic stress as a causative factor that might underlie
early upregulation of p53 (Fig. 4F), stress response gene expression array analysis revealed
that DP exposure elicits the unfolded protein response (UPR), a finding further confirmed by
immunoblot detection of proteins involved in mediating the response to cytotoxic ER stress
(Hsp70, GRP78/Bip, autophosphorylated PERK, phosphorylated eIF2α, CHOP) (Figs. 3 and
5C) [29]. The UPR serves as a cytoprotective survival pathway, maintaining ER
homeostasis in response to cytotoxic stimuli that cause accumulation of unfolded and/or
misfolded proteins within the ER including heat shock, oxidative stress, energy crisis,
calcium dysregulation, and proteasome inhibition [4, 5, 10, 11, 29, 40]. However, under
conditions of prolonged and extensive ER stress the UPR contributes to initiation of
apoptosis that involves early upregulation of p53 and CHOP, a proapoptotic transcription
factor (encoded by DDIT3) that modulates the mitochondrial pathway of apoptosis by
downregulating expression of Bcl-2 (BCL2) [5, 38, 41]. Indeed, within one hour of
continuous DP exposure, UPR signaling in A375 melanoma cells was rapidly initiated as
evidenced by autophosphorylation of PERK (Thr980) and phosphorylation of the PERK
substrate eIF2α (Fig. 3A). eIF2α-Phosphorylation downstream of ER stress-induced PERK
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activation is a key UPR signaling event, thought to underlie UPR associated inhibition of
general cap-dependent translation, while allowing mRNAs with an internal ribosomal entry
sites (IRES) (such as that one encoding CHOP) to be translated [5]. In our experiments,
pronounced upregulation of DDIT3 mRNA and CHOP protein levels occurred in response
to DP detected within 3h exposure (Fig. 3A), a finding consistent with earlier research
demonstrating DP-induced ER stress with CHOP upregulation in human epithelial HeLa
carcinoma cells [42]. In addition, the upstream ER stress sensor and UPR initiator GRP78,
an ER chaperone that regulates PERK kinase activity and is itself subject to UPR-associated
upregulation, was increased at the protein level (Fig. 3A) [29]. Importantly, DP-induced ER
stress was sustained over a 9 h observation period as indicated by persistent upregulation of
GRP78 and CHOP protein levels and by phosphorylation of PERK and eIF2α Fig. 3A). In
contrast, ER stress caused by the reducing agent DTT, known to act via reductive protein
unfolding, was only transient as evidenced by induction of eIF2α-phosphorylation, detected
at 1 h exposure time yet reduced to constitutive levels at later time points (Fig. 3C, bottom
panel), and NAC treatment was not associated with eIF2α-phosphorylation (Fig. 3C, middle
panel) [30].

Prior studies have suggested the predominant role of redox modulation in cancer cell-
directed cytotoxicity of DP [21, 22, 24, 43]. In our own experiments, cellular levels of
reduced glutathione, a sensitive marker of cellular oxidative stress, dropped only after
prolonged exposure to DP (6 h) (Fig. 4A), a time point at which pronounced modulation of
p53 (Fig. 4G), phospho-eIF2α (Fig. 3A) and Noxa (Fig. 5A) had already occurred (all
observable at 1 h exposure). Similarly, monitoring cellular oxidative stress levels using DCF
fluorescence indicated that elevation of peroxide levels occurred only after 6 h exposure
time (Fig. 4B). Moreover, cell membrane-permeable antioxidants and metal chelators
[including NAC, (10 mM), pegylated catalase (400 u/ml), pegylated SOD (1000 u/ml),
deferoxamine (20 μM); added 1 h before DP exposure] did not protect A375 melanoma cells
from DP-induced cell death (10 mM, 24 h; data not shown), further disqualifying the early
induction of oxidative stress as an upstream event in DP-induced apoptosis.

It is well established that pharmacological activity of DP in cystinuria, a hereditary disorder
characterized by the formation of urogenital L-cystine stones, depends on reductive
formation of mixed disulfides between DP and L-cysteine resulting in solubilization of
precipitated L-cystine [44]. Similarly, serum immunoglobulin fragmentation by reductive
disulfide cleavage has been involved in the immunosuppressive activity of DP [45].
Therefore, it is tempting to speculate that DP-induced early cellular changes (ER stress/
UPR) may occur as a result of the reducing activity of DP, causing cellular stress through
the reductive unfolding of proteins. Indeed, reactivity of DP, both as an antioxidant and as a
disulfide cleaving agent, has been shown to depend on formation of a nucleophilic DP-
thiolate species, and thiolate formation by thiol compounds has been shown to depend on the
pKa value associated with the respective thiol-group [46]. Among the thiol compounds that
we tested for UPR-induction (as evidenced by eIF2α phosphorylation), DP (pKa: 7.9)
displayed the highest activity, whereas DTT (pKa: 9.1) only induced a transient response
and NAC (pKa: 9.5) was completely inactive (Fig. 3C).

After initial reductive protein unfolding by DP, cellular oxidative stress observed by us at
later time points could then originate from multiple downstream sources such as ROS
leakage from loss of mitochondrial transmembrane potential (Fig. 4C) and ROS formation
by ER-associated redox enzymes. Indeed, expression of cytochrome P450 monooxygenases
(encoded by CYP1A1, CYP2E1) and flavin monooxygenases (encoded by FMO1 and
FMO5), known to be involved in oxidative metabolism of sulfur-containing endogenous
substrates and xenobiotics that occurs with production of ROS, was upregulated at the
mRNA level by DP (Fig. 2) [47–49]. Interestingly, a role of flavin monooxygenases in
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oxidative protein refolding in response to cellular reductive stress has been described earlier
[50, 51], and a similar molecular pathway may be initiated by DP in melanoma cells, where
initial reductive protein unfolding could cause FMO1 and FMO5 upregulation followed by
refolding and ROS formation. However, the relative causative role of DP-induced ER stress,
mitochondrial impairment, and redox dysregulation and their sequential involvement in
melanoma cell apoptosis remain to be elucidated by future experiments.

It has been demonstrated before that intratumoral injection of a long-acting benzyl ester of
D-penicillamine inhibits the growth of melanoma tumors in mice [52]. In our murine SCID
A375 melanoma model, significant inhibition of tumor growth was observed upon systemic
administration of DP at very high daily doses (i.p.; 1,200 mg/kg/d) (Fig. 6A), and significant
proteolytic activation of caspase 3 occurred in tumor tissue in response to drug treatment
(Fig. 6C). In this context it should be mentioned that no statistically significant
antimelanoma effects were observed in an independent murine xenograft study
administering DP in combination with tPA (tissue plasminogen activator), a result that may
be related to the lower dose regimen selected in that study [53]. Moreover, in a previous
phase II clinical trial, DP administered at FDA-approved doses did not improve survival in
patients with glioblastoma multiforme [54]. However, more recent drug development efforts
have aimed at improving DP chemotherapeutic efficacy by optimization of intracellular
delivery, and systemic administration of DP poly-L-glutamic acid conjugates displayed
significant activity in a murine leukemia model [55]. Therefore, feasibility of harnessing
DP-induced UPR-induction and apoptogenicity for future chemotherapeutic intervention
targeting metastatic melanoma remains to be established.
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Fig. 1. DP but not NAC induces caspase-dependent cell death in human A375 metastatic
melanoma cells
(A–B) Induction of A375 (panel A) and primary melanocyte (HEMa; panel B) cell death
(DP; 10 mM, 24 h) was assessed by flow cytometric analysis after annexinV-FITC/
propidium iodide-staining. The numbers indicate viable cells (AV−, PI−, lower left quadrant)
in percent of total gated cells (mean ± SD, n=3). Representative light microscopy pictures
taken after 24 h exposure to DP are shown in panels I–IV. (I and II: A375; III and IV:
HEMa; I and III: control; II and IV: DP). (C) Induction of cell death in response to DP or
NAC (10 mM, 24 h) in the presence or absence of zVADfmk (40 μM, 1 h preincubation).
(D) DP-induced (10 mM, 6–24 h) caspase-3 activation as examined in A375 cells by flow
cytometric detection using an Alexa 488-conjugated monoclonal antibody against cleaved
procaspase-3. One representative experiment of three similar repeats (left panel) and
quantitative analysis of three independent repeat experiments (right panel; mean ± SD) are
displayed. (E) Metastatic melanoma cells (A375, G361, LOX-IMVI) and HEMa were
exposed to DP (10 mM; 24 h) in the presence or absence of zVADfmk (40 μM, 1 h
preincubation) and viability (mean ± SD, n=3) was determined as specified in (A). (F) DP-
induced (10 mM, 3–24 h) PARP cleavage was examined by immunoblot analysis in A375
and G361 cells. Means without a common letter differ (p < 0.05)
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Fig. 2. DP-induced transcriptional changes affecting stress response gene expression in A375
melanoma cells
DP-induced (10 mM, 24 h) expression changes as identified by RT2 Human Stress and
Toxicity Profiler™ PCR Expression Array analysis normalized to GAPDH. (A) The scatter
blot depicts differential gene expression as detected by the RT2 Human Stress and Toxicity
Profiler™ PCR Expression Array technology. Upper and lower lines: cut-off indicating
fourfold up- or down-regulated expression, respectively. (B) Bar graph depiction of gene
expression changes at the mRNA level. Analysis was performed in three independent
repeats and analyzed using the two-sided Student’s t test (p < 0.001).
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Fig. 3. DP-induced unfolded protein response in A375 melanoma cells
(A) Cells were treated with DP (10 mM, up to 9 h). Upregulation of DDIT3 mRNA levels
detected by real time RT-PCR analysis (upper panel). Modulation of UPR-marker proteins
(CHOP, Hsp70, GRP78/Bip, phospho- and total PERK, phospho- and total eIF2α, ATF4) as
detected by immunoblot analysis (lower panel). (B) DDIT3 mRNA levels detected by real
time RT-PCR analysis in cells exposed to thapsigargin (T; 300 nM) or NAC (10 mM; up to
6 h). (C) Upregulation of selected UPR-marker proteins in cells exposed to T (300 nM, up to
6 h; upper panel), NAC (10 mM, up to 9 h; middle panel) or DTT (10 mM, up to 9 h; bottom
panel) as detected by immunoblot analysis. Means without a common letter differ (p < 0.05)
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Fig. 4. DP-induced oxidative and mitochondriotoxic stress in A375 melanoma cells occurs in the
absence of genotoxic stress
(A) Modulation of intracellular reduced glutathione content in A375 melanoma cells
exposed to DP or NAC (10 mM, 0.5 – 6 h exposure). Glutathione content was normalized to
untreated control (mean ± SD, n=3). Means without a common letter differ (p < 0.05). (B)
DP-induction of intracellular oxidative stress as assessed by DCF flow cytometry. Cells
were exposed to DP or NAC (10 mM, 6 h), and intracellular oxidative stress was assessed
by 2′,7′-dichloro-dihydrofluorescein diacetate staining followed by flow cytometric analysis
of DCF fluorescence. One representative experiment out of three similar repeats is shown.
(C) Time course analysis of loss of mitochondrial transmembrane potential (Δψm) in
response to DP (10 mM, up to 18 h) as assessed by flow cytometric analysis of JC-1 stained
cells. Panels from one representative experiment of three similar repeats are shown, and
numbers indicate cells with impaired Δψm (in percent of total gated cells) detected outside
the circle (mean ± SD, n=3). (D) DP-induced apoptosis with or without pretreatment using
cyclosporine A (CysA; 5 μM; 60 min) as examined by annexin V-PI flow-cytometric
analysis. The numbers indicate viable cells (AV−, PI−, lower left quadrant) in percent of
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total gated cells (mean ± SD, n=3). (E) Immunodetection of cytochrome c in cytosolic (c)
and mitochondrial (m) fractions prepared from DP-treated A375 cells (10 mM; 6–24 h). (F)
A375 cells were exposed to DP (10 mM, 0.5–6 h), and DNA damage was detected using the
comet assay as described in Materials and Methods. As a positive control, cells were
exposed to H2O2 (100 μM, 30 min). Representative comet images (left panels) as visualized
by fluorescence microscopy and quantitative analysis of average tail moments (bar graph)
are shown. At least 75 tail moments for each group were analyzed in order to calculate the
mean ± S.D. for each group. (G–H) DP-induced (10 mM; 1–9 h exposure) upregulation of
p53 was assessed by immunoblot analysis (panel G) and real time RT-PCR [panel H; TP53;
mean ± SD, n=3; means without a common letter differ (p < 0.05)]. (I) Time course analysis
of p53 protein levels in cells first pretreated with DP (3h, 10 mM) or left untreated (ctrl).
Both groups were then exposed to cycloheximide (CHX; 25 μM, 0 – 120 min) followed by
immunoblot analysis.
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Fig. 5. Modulation of Noxa (PMAIP1), Mcl-1, and Bcl-2 (BCL2) in DP-induced A375 melanoma
cell apoptosis
(A) DP-modulation (up to 10 mM, up to 9 h exposure) of the Bcl2-family of apoptosis
regulators was examined in A375 melanoma cells by immunoblot analysis. For comparison,
NAC (10 mM) was used (bottom panel). The middle panel depicts the dose response (0.1–
10 mM) of DP-induced Noxa upregulation. (B) PMAIP1 mRNA detection in A375 cells
using real time RT-PCR analysis [10 mM DP; 0–24 h; mean ± SD, n=3; means without a
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common letter differ (p < 0.05)]. (C) DP-modulation of Noxa, Mcl-1, Hsp70, phospho- and
total eIF2α protein levels in G361 melanoma cells. (D) DP-modulation of Bcl-2 expression
at the protein and mRNA [BCL2; mean ± SD, n=3; means without a common letter differ (p
< 0.05)] level in A375 and G361 melanoma cells. (E) After DP exposure (10 mM, up to 9 h)
with or without PMAIP1 knockdown (siPMAIP1), Noxa and Mcl-1 immunoblot detection
was performed in A375 cells as specified in Materials and Methods. Bcl-2 downregulation
by DP (6 h) was also examined in siPMAIP1- and siControl-treated A375 cells (bottom
panels). (F) Genetic downregulation of PMAIP1 expression confers protection of A375 cells
against DP-induced (10 mM, 36 h) cytotoxicity as detected by AV/PI flow cytometric
analysis after siControl and siPMAIP1 treatment. Numbers indicate viable cells (AV−, PI−,
lower left quadrant) in percent of total gated cells (mean ± SD, three determinations).
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Fig. 6. DP inhibits tumor growth in a human melanoma SCID-mouse xenograft model
Human A375 melanoma cells (10 × 106) were implanted s.c. into the right flank of SCID
mice. 14 days after cell injection animals were pair-matched (65 mm3 average tumor size)
and daily treatment (DP, in PBS; 1,200 mg/kg/d, i.p., b.i.d.; n=12) was initiated. Control
animals (n=12) received PBS only. (A) Tumor growth curves were obtained by determining
average tumor volumes until day 27 after cell injection. Data points are depicted as means ±
SEM; statistical comparison between individual data points (DP-treated versus control; days
16–27) was performed using the two-sided Student’s t test (p < 0.05). (B) Mean body weight
was monitored during the duration of the experiment and expressed as % change from the
average weight obtained on the day of pair matching. (C) Immunohistochemical staining for
cleaved procaspase 3 (Asp175) using primary tumor tissue of DP-treated and PBS-treated
mice harvested on the last day of drug treatment (n=3, each group). Paraformaldehyde-fixed,
paraffin-embedded 5 μm sections were analyzed using a rabbit polyclonal antibody to
activated caspase 3 followed by biotinylated-streptavidin-HRP/DAB visualization.
Hematoxylin counterstaining was also performed. A photograph representative of three high
power fields taken per tissue section is shown. Bar graph displays quantitative analysis of
IHC (percentage of activated caspase 3-positive cells per total number of nuclei; mean ±
S.D.; n=3; p < 0.05).
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