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Introduction

 Malignant melanoma is the most deadly form of skin 
cancer with increasing incidence and mortality worldwide. In its 
early stage, melanoma has an excellent prognosis, but advanced 
metastatic melanoma correlates with therapeutic resistance and 
low survival rates[1,2]. Extensive research has resulted in the gen-
eration of targeted treatments and immunotherapies for malig-
nant melanoma. However, their utilization is linked with numer-
ous negative side effects, slow effectiveness and only transient 
effects due to acquired resistance. A standard first-line therapy 
for malignant melanoma has not yet been established and re-
mains one of the most treatment-refractory malignancies[3,4]. 
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Abstract
 Skin cancer is among the most commonly-diagnosed cancers with malig-
nant melanoma being associated with the highest rate of metastasis and death. In its 
early stage, melanoma is easily cured, but the prognosis associated with metastatic 
malignant melanoma remains very poor and is one of the most treatment-refracto-
ry malignancies. This work was undertaken to assess the effectiveness and safety 
of recombinant human Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand 
(rhTRAIL) as a potential therapeutic for malignant melanoma. rhTRAIL is the opti-
mized version of the naturally-occurring death-ligand TRAIL. TRAIL shows cancer 
cell specificity through its innate ability to induce apoptosis in a broad range of 
transformed human cells while showing no toxicity toward normal healthy cells. 
Utilizing malignant melanoma A375 cells and normal human melanocytes, the effi-
cacy and safety of rhTRAIL was determined in vitro and in vivo through nude mice 
A375 xenografts. rhTRAIL induced significant levels of apoptosis in malignant 
melanoma cells in vitro and at the same time did not induce apoptosis in non-trans-
formed melanocytes. rhTRAIL showed remarkable in vivo potency and was able to 
inhibit the growth of established melanoma tumors while showing no toxicity to-
wards the mice model. These data suggest that rhTRAIL is a valid candidate for the 
treatment of malignant melanoma, displaying significant anti-tumor activity with 
sustainably less negative side effects than traditional therapies.
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New therapeutic strategies are needed to improve the treatment 
outcome and survival of malignant melanoma patients.
 Several members of the Tumor Necrosis Factor (TNF) 
family, including FasL, TNF-α and TNF-Related Apoptosis-In-
ducing Ligand (TRAIL), robustly induce apoptosis in trans-
formed cancer cells[5]. However, the therapeutic potential of 
FasL and TNF-α is hindered by their toxicity upon systemic ad-
ministration. In contrast, TRAIL selectively induces apoptosis in 
cancer cells. Even at supraphysiological concentrations, TRAIL 
shows minimal toxicity to healthy non-transformed cells[6,7]. 
TRAIL acts as a pro-apoptotic ligand through its interactions 
with extracellular death receptors (DR) DR4 and DR5[8]. Bind-
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ing of TRAIL to DR4 and/or DR5 initiates the extrinsic path-
way of apoptosis characterized by the cleavage of procaspase 8 
to caspase 8 followed by the activation of downstream execu-
tioner caspases 3, 6 and 7. TRAIL can also indirectly activate 
the intrinsic apoptotic pathway through the caspase 8-mediated 
cleavage of Bid to truncated Bid (tBid). tBid then stimulates the 
mitochondrial release of cytochrome c resulting in activation of 
caspase 9 followed caspases 3, 6 and 7 and the hallmark events 
of apoptosis[9,10]. 
 In the present study we test a recombinant version of 
TRAIL, recombinant human TRAIL (rhTRAIL). An optimized 
form of the apoptosis-inducing portion of the protein, rhTRAIL 
consists of the extracellular C-domain amino acids 114-281 
and lacks any exogenous sequence tags. Clinical trials per-
formed with rhTRAIL demonstrate the safety and tolerability of 
rhTRAIL. Adverse effects included fatigue, nausea and vomit-
ing, but overall, the effects were mild and well tolerated. The 
half-life of rhTRAIL was 0.56-1.02 hours with no drug accu-
mulation, antibody formation or hepatotoxicity after receiving 
multiple doses. The anti-tumorigenic effects of rhTRAIL as a 
single agent were limited when given to patients with advanced 
cancer. Few patients showed partial tumor regression while most 
patients experienced disease progression[11,12]. However, when 
rhTRAIL was given in combination with other anti-cancer ther-
apies the majority of patients responded with complete tumor 
regression[13,14].
 Herein we assessed the potential of rhTRAIL for the 
treatment of malignant melanoma. With no standard protocol 
for the treatment of malignant melanoma, rhTRAIL is an ex-
cellent candidate due to its selective toxicity towards cancerous 
cells only. Thus treatment with rhTRAIL will result in maximum 
anti-tumor effects with decreased negative impact on patients. 
We aimed to determine the effectiveness of rhTRAIL to act as a 
cancer cell-specific pro-apoptotic molecule in vitro utilizing ma-
lignant melanoma A375 cells and human melanocytes. A375 xe-
nografts were employed to test the in vivo efficacy of rhTRAIL 
to inhibit the growth of established tumors while showing no 
toxicity towards the mice model. Overall, these data show the 
potential of rhTRAIL as a viable candidate for the treatment of 
malignant melanoma. 

Results

rhTRAIL sensitivity in vitro.
 Malignant melanoma A375 cells and adult human me-
lanocytes were tested for their sensitivity to rhTRAIL-induced 
apoptosis in vitro. Cells were treated with increasing concen-
trations of rhTRAIL ranging from 5 ng/ml to 1 µg/ml for 72 
hours in full medium. Levels of rhTRAIL-induced apoptosis 
were determined by FITC-Annexin-V and PI staining followed 
by FACS analysis. A375 cells showed a dose-dependent induc-
tion of apoptosis in response to rhTRAIL marked by the increas-
ing formation of Annexin-V+ and/or Annexin-V+ and PI+ cells 
(Figure. 1A & B). rhTRAIL was able to induce apoptosis even 
at the lowest tested rhTRAIL concentration of 5 ng/ml with 9.7 
± 1.0% apoptotic cells (P < 0.02), increasing to 44.6 ± 0.5% 
apoptotic cells (P < 0.02) in the highest treated group of 1 µg/ml. 
In contrast, human melanocytes were completely insensitive to 
rhTRAIL-induced apoptosis (Figure. 1A & C). Treatment with 
rhTRAIL, even at the highest tested treatment concentration of 

1 µg/ml of rhTRAIL, did not result in the formation of apoptotic 
cells as indicated by the lack of Annexin-V+ and/or Annexin-V+ 
and PI+ cells as compared to the control (P > 0.05).

Figure 1: rhTRAIL sensitivity in vitro. Sensitivity of A375 and mela-
nocytes to rhTRAIL-induced apoptosis. 
A) Average of three independent assays ± SEM. B) Representative his-
togram of A375. C) Representative histogram of melanocytes. Lower 
left quadrant: Viable cells (Annexin-/PI-), Lower right quadrant: Ear-
ly apoptotic cells (Annexin+/PI-), Upper right quadrant: Late apoptotic 
cells (Annexin+/PI+).

Figure 2: Western blot analysis of apoptosis-related proteins. A) 
A375 and B) Melanocytes ± rhTRAIL subjected to western blot analy-
sis and probed with anti-PARP, caspase 8, Bid, cytochrome c, caspase 
9, caspase 3, caspase 6 and caspase 7. β-actin was used as a loading 
control for each membrane. Representative β-actin is depicted. Western 
blots were done in duplicates.

Mechanism of rhTRAIL-initiated apoptosis
 To further examine the pathway of apoptosis induced 
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by rhTRAIL western blotting was employed using antibodies 
to various components of the apoptosis cascade. As described 
above A375 cells and human melanocytes were treated with in-
creasing concentrations of rhTRAIL for 72 hours, collected and 
whole cell lysates were resolved by SDS-PAGE and subjected 
to western blotting. rhTRAIL significantly induced apoptosis 
in A375 noted by the fragmentation of the DNA repair enzyme 
Poly-(ADP) Ribose Polymerase (PARP), starting at 10 ng/ml 
rhTRAIL (Figure. 2A). Treatment with rhTRAIL was able to ef-
fectively initiate the extrinsic pathway of apoptosis in A375 as 
indicated by the cleavage of procaspase 8 to caspase 8. Addition-
ally, rhTRAIL was able to indirectly initiate the intrinsic (mito-
chondrial) pathway of apoptosis through the caspase 8-mediated 
cleavage of Bid, as demonstrated by the release of cytochrome 
c from the mitochondria into the cytosol and the activation of 
caspase 9. Lastly, executioner caspase 3 was activated, whereas, 
other executioner caspases 6 and 7 were not activated through 
treatment with rhTRAIL. Adult human melanocytes were com-
pletely resistant to rhTRAIL-induced apoptosis and did not 
show PARP cleavage or activation of any other proteins in the 
apoptotic pathways (Figure. 2B). 

Death Receptor Expression
 To explain the mechanism of rhTRAIL-selectivity, the 
membrane expression of DR4 and DR5 were measured on A375 
cells and melanocytes through staining with fluorescent antibod-
ies to DR4 and DR5 followed by FACS analysis. Overall, ma-
lignant A375 cells had significantly higher expression of both 
DR4 and DR5 (Figure. 3). Comparing the membrane expression 
of DR4, A375 cells had significantly higher levels with a mean 
fluorescence intensity (MFI) of 70.3 ± 7.3 compared to melano-
cytes with a MFI of 33.3 ± 1.5 (P < 0.01) (Figure. 3A). For DR5, 
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A375 cells had a higher level of membrane expression with a 
MFI of 1591.3 ± 66.9 compared with melanocytes with a MFI of 
758.0 ±7.5 (P < 0.01) (Figure. 3B).

Figure 3: Death Receptor Expression. Membrane expression of 
rhTRAIL-binding receptors DR4 and DR5. Mean Fluorescent Inten-
sity (MFI) ± SEM. Average of three independent assays. A) A375 B) 
Melanocytes.

Figure 4: Anti-tumor activity of rhTRAIL. Sensitivity of A375 to rhTRAIL in vivo. Treatment began day 18. rhTRAIL-mice received 32 mg/kg 
and control mice received PBS ip for five days on a 21-day cycle. A) Tumor growth curve. B) End point tumor volume. C) Survival rate.



Anti-tumorigenic effects of rhTRAIL in vivo
 To test the in vivo efficacy of rhTRAIL we further em-
ployed nude mice xenografts. Female athymic nu/nu mice were 
inoculated with 1.6 x 106 A375 cells subcutaneously in both 
flanks and allowed to grow established tumors (~200 mm3). 
Treatment began on day 18 with the rhTRAIL-treated group (n = 
8) receiving 32 mg/kg rhTRAIL for five days on a 21-day cycle. 
Control mice (n = 8) received the vehicle of PBS on the same 
schedule. All mice were supplemented with 100 mg/l ZnCl2 in 
the water daily and tumor volume was measured three times a 
week. At the death of the first mouse in the control group at day 
29, mice treated with rhTRAIL had an average tumor size of 
585.9 ± 232.6 mm3 while the control mice had an average tumor 
size of 2055.3 ± 476.8 mm3 (Figure. 4A). rhTRAIL-treated mice 
had 71.5% less tumor growth than the vehicle-treated controls (P 
< 0.02) (Figure. 4B). Additionally, the survival rate of the mice 
was significantly enhanced following treatment with rhTRAIL 
compared to the control (Figure. 4C). For the control group, all 
mice had to be sacrificed by day 35 due to extremely large tumor 
size; however, in the rhTRAIL group 100% of the mice survived 
to day 43, 75% to day 57 and one mouse lived until day 178. As 

compared to the control, rhTRAIL-treated mice maintained their 
weight, activity and exhibited no adverse side effects as deter-
mined by visual inspection.

Xenograft histology
 Tumors and major organs of sacrificed mice were col-
lected and analyzed. TUNEL staining of the tumors revealed sig-
nificant induction of apoptosis in the rhTRAIL-treated tumors 
compared to the control mice (Figure. 5A & B). Control tumors 
had 0.3 ± 0.1% TUNEL positive cells relative to DAPI stained 
cells compared to the rhTRAIL-treated tumors which had 52.3 
± 5.7% TUNEL positive cells relative to DAPI stained cells (P 
< 0.00001). H&E staining was also performed on the harvested 
tumors (Figure. 5C). rhTRAIL-treated tumors showed signs of 
apoptosis evidenced by the presence of irregularly shaped and 
condensed nuclei compared to the control tumors possessing 
nicely defined nuclei. Finally, major organs, liver, kidney and 
spleen, were harvested and analyzed by H&E staining (Figure. 
5C). Compared to the control, the rhTRAIL-treated organs were 
healthy and showed no signs of any rhTRAIL-induced toxicity. 
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Figure 5: Xenograft tumor and organ analysis. A) TUNEL staining of harvested tumors. Representative picture, 20x. B) Percent TUNEL 
positive cells relative to DAPI positive cells ± SEM. Values represent the average of three tumors. C) H&E staining of tumors and major organs. 
Representative pictures, 20x and 40x.

Discussion

 rhTRAIL shows great promise as a pro-apoptotic an-
ti-cancer therapeutic, possessing the ability to selectively target 
and induce apoptosis in a wide variety of human cancers ranging 
from solid tumors such as colon, lung and breast to hematolog-
ical cancers such as leukemia and lymphoma. At the same time, 
rhTRAIL does not activate apoptosis in normal cells including 
endothelial, astrocytes and hematopoietic stem cells[15,16]. Cur-
rently, advanced cases of malignant melanoma are one of the 

leading causes of death worldwide with no effective treatment 
option. Here we analyze rhTRAIL as a potential anti-melanoma 
therapeutic. These data shows that rhTRAIL is highly efficient 
in selectively killing malignant melanoma cells while demon-
strating no toxicity towards non-transformed melanocytes. The 
hallmark events of apoptosis, generation of apoptotic cells (An-
nexin-V+)[17] and the fragmentation of the DNA repair enzyme 
PARP[18], occurred in A375 cells but not in normal melanocytes. 
rhTRAIL initiates the extrinsic pathway of apoptosis through the 
binding of DR4 and DR5[19]. We show that rhTRAIL is extremely 
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effective in directly activating the extrinsic pathway of apoptosis 
apparent by the robust activation of caspase 8 in melanoma cells 
but not in normal melanocytes. At the highest dose of rhTRAIL 
nearly all procaspase 8 is converted to caspase 8, revealing the 
high affinity of rhTRAIL for DR4 and DR5 in melanoma cells. 
The difference in rhTRAIL-sensitivity between cancer cells and 
normal cells may lie in their membrane expression of DRs[20,21]. 
Examination of the membrane expression of DR4 and DR5 
showed that melanocytes have 2-fold less membrane expres-
sion of both DR4 and DR5 as compared to malignant melanoma 
A375 cells. The decreased expression of DRs may explain why 
rhTRAIL does not harm normal cells and is well suited and safe 
for systemic administration as an anti-cancer therapeutic with 
low side effects for patients. 
 There is crosstalk between the extrinsic and intrinsic 
pathways of apoptosis mediated by the cleavage of Bid to tBid. 
tBid translocates to the mitochondria and initiates the intrin-
sic pathway by promoting the release of cytochrome c into the 
cytosol. This mitochondrial amplification loop intensifies the 
pro-apoptotic signal initiated by the rhTRAIL-activated extrin-
sic pathway, resulting in enhanced apoptosis compared to either 
pathway alone[22]. Initiation of the intrinsic pathway typically 
occurs through activation of p53 in response to cellular stresses 
such as DNA damage. This is the mechanism by which many 
chemotherapeutic agents and ionizing radiation kill malignant 
cells. However, in over 50% of all cancers, p53 is mutated and 
resistance to standard p53-dependent cancer therapies often oc-
curs[23]. As a result of defective p53 in cancerous cells, tradition-
al therapies often result in severe systemic toxicity by destroy-
ing normal cells possessing the functional form of p53, causing 
numerous side effects that negatively influence the patient’s 
quality of life and prevent optimal drug-dosing[24]. However, we 
show that rhTRAIL can indirectly activate the intrinsic pathway 
of apoptosis and bypass the need for p53. Therefore, the appli-
cation of rhTRAIL for the treatment of cancer can be used for 
any tumor type regardless of its p53 status. Additionally, the an-
ti-tumorigenic effects of rhTRAIL are superior over traditional 
therapies due to the potential activation of both the extrinsic and 
intrinsic pathways of apoptosis with significantly less negative 
impact on the patient. 
 In clinical trials, patients with advanced cancers were 
treated with rhTRAIL alone or in combination with other thera-
pies such as Rituximab in non-Hodgkin’s lymphoma or in com-
bination with Paclitaxel, Carboplatin and Bevacizumab (PCB) 
in advanced non-squamous non-small-cell lung cancer (NS-
CLC). rhTRAIL was given at doses ranging from 0.5 - 35.0 mg/
kg I.V. for five days on a 21-day cycle[11-14]. To test the in vivo 
efficacy of rhTRAIL, nude mice A375 xenografts modeled after 
clinical trials were employed and mice were treated with 32 mg/
kg rhTRAIL ip for five days on a 21-day cycle. Crystallographic 
studies show that TRAIL has a homotrimeric structure, consist-
ing of three TRAIL monomers coordinated by an internal zinc 
atom. The zinc atom is buried at the center of the trimer, coor-
dinated by a single cysteine residue on each monomer and is 
required for maintaining the structure, stability and the overall 
biological activity of TRAIL. Reports indicate that preparations 
of rhTRAIL lacking adequate zinc concentrations are associat-
ed with decreased apoptotic activity[25,26]. To enhance the bioac-
tivity of rhTRAIL in vivo, ZnCl2 was continuously provided in 
the drinking water of the mice. It has been repetitively demon-

strated that Zinc is necessary and required for optimal TRAIL 
physiological function. Presented here is a novel methodology 
of adding of ZnCl2 to the drinking water of mice in a pre-clin-
ical in vivo rhTRAIL experiment. Under these conditions, 
rhTRAIL showed great in vivo efficacy and was able to inhibit 
the growth of established tumors while being safe and nontoxic 
to the mice model. As compared to the controls, rhTRAIL-treat-
ed mice had 71.5% less tumor growth. Upon starting rhTRAIL 
treatment, tumor growth leveled off; whereas, tumors of con-
trol mice grew exponentially over time. The in vivo anti-tumor 
effects of rhTRAIL where confirmed in a second A375 xeno-
graft experiment in which the drinking water of the mice was 
also supplemented with ZnCl2. At the death of the first control 
mouse, rhTRAIL-treated mice had 68.0% less tumor growth 
than the control mice (P < 0.01) (data not shown). Additionally, 
rhTRAIL was able to significantly prolong the survival of the 
cancer-bearing mice. Specifically, by day 35 all the control mice 
had to be sacrificed due to extremely large tumor volume. In 
contrast, 100% of the mice in the rhTRAIL group survived to 
day 43 and one mouse lived until day 178. The fact that a mouse 
lived until day 178 without any further treatment is quite signif-
icant because it had large tumors that were eliminated during 
rhTRAIL-treatment and did not regrow after the treatment had 
ended. 
 The mechanism of rhTRAIL-mediated tumor growth 
inhibition was established in the mice. Intra-tumor apopto-
sis was confirmed through TUNEL staining which identifies 
apoptotic cells[27]. TUNEL staining revealed significantly high 
levels of apoptotic cells (TUNEL+) in the rhTRAIL-treated tu-
mors compared to the control. Additionally, H&E staining of the 
tumors showed irregularly shaped and condensed nuclei in the 
rhTRAIL-treated tumors, indicative of induction of apoptosis[28]. 
Together, the H&E and TUNEL staining show that inhibition 
of tumor growth within the rhTRAIL-treated A375 xenografts 
was due to rhTRAIL-induced apoptosis. Lastly, upon sacrifice 
of the mice, major organs, liver, kidney and spleen, were har-
vested and analyzed by H&E staining. Compared to the control, 
rhTRAIL-treated mice showed no signs of systemic toxicity to 
any of the major organs analyzed. In addition, rhTRAIL-treated 
mice were active, alert and they maintained their weight as com-
pared to the control. The histological analysis together with the 
physical appearance of the rhTRAIL-treated mice confirm that 
although  rhTRAIL is extremely effective at inhibiting tumor 
growth it is still safe and well tolerated upon systemic adminis-
tration. 
 The only previously reported rhTRAIL-treated A375 
xenograft shows that when treating mice at 50 mg/kg every oth-
er day tumor growth was not inhibited as compared the con-
trol[29]. However, we show that rhTRAIL is able to significantly 
suppress tumor growth demonstrating of the superiority of our 
optimized rhTRAIL molecule. The previous xenograft experi-
ment began their treatment two days after the A375 cells were 
inoculated and before the establishment of a substantial tumor. 
Whereas in our experiment, rhTRAIL-treatment began on day 
18 when established tumors, approximately 200 mm3 in size, 
were formed. rhTRAIL was given to mice with established tu-
mors to best model clinical settings and to see if rhTRAIL can 
eliminate established tumors. In the previous experiment, even 
at much higher concentrations of rhTRAIL, tumor growth was 
not impeded and was unable to stop the formation of A375 xe-
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nograft tumors. With our rhTRAIL, we were able to stop the 
growth of already growing tumors and significantly eliminate 
the tumor load on the cancer-bearing mice. Additionally, extra 
zinc was not provided in the drinking water of the mice in the 
previous experiment. The addition of ZnCl2 may account for the 
success of the presented A375 xenograft compared to the pre-
vious study, since saturating amounts of zinc are needed for the 
optimal activity of rhTRAIL[25,26]. This may reveal the need to 
supplement patients receiving rhTRAIL with extra zinc to in-
crease the in vivo efficiency of rhTRAIL. Lastly, in the previous 
experiment, rhTRAIL was given every other day and caused no 
impact on tumor growth. However, we administered rhTRAIL 
every day for five days on a 21-day cycle and tumor growth was 
successfully hindered. Although rhTRAIL only has a half-life of 
about an hour, it is still able to substantially inhibit tumor growth 
in rhTRAIL-sensitive cancer cells. The success of our experi-
ment shows the importance of treating everyday with rhTRAIL 
for it to be most effective. 
 Although rhTRAIL shows the ability to induce apop-
tosis in a broad range of human cancers, rhTRAIL-sensitiv-
ity is heterogeneous. Some cell lines display resistance to 
rhTRAIL-induced apoptosis while others can acquire resistance 
after repeated exposure[30]. For example, a study of eight human 
melanoma cell lines treated with increasing concentrations of 
rhTRAIL found that five of the lines were sensitive to rhTRAIL, 
while three lines were resistant[31]. Current literature describes 
a myriad of ways in which sensitivity to rhTRAIL may be 
controlled, which is often cell-dependent. One mechanism of 
rhTRAIL-resistance is the increased expression of inhibitor of 
apoptosis proteins (IAPs) such as FLIP, XIAP, cIAP and sur-
vivin[32]. Moreover, the equilibrium between pro- and anti-apop-
totic members of the Bcl-2 family plays an important role in 
rhTRAIL-sensitivity. Overexpression of anti-apoptotic proteins 
Bcl-2 and Bcl-xL correlate with rhTRAIL-resistance along with 
downregulation of pro-apoptotic proteins Bax and Bak[33]. Fi-
nally, rhTRAIL-resistance may occur because of the lack of a 
optimum concentration of cell surface receptors. rhTRAIL-re-
sistance has been associated with low expression levels or muta-
tions in the rhTRAIL-binding region of the DRs[6]. Studies sug-
gest that an increased potency against cancer cells is achieved 
when rhTRAIL is administered as a combination therapy. An 
increase in rhTRAIL-induced apoptosis was seen in co-treat-
ments with chemotherapy, radiotherapy, irradiation and even 
with nontraditional therapies such as proteasome inhibitors, his-
tone deacetylase inhibitors and the tyrosine kinase inhibitor in 
vitro and in vivo[16]. A successful co-treatment is one in which 
anti-apoptotic proteins such as FLIP and XIAP are downregu-
lated or DRs can be upregulated on the cancer cell surface[34,35]. 
By combining rhTRAIL with compounds that are able to reverse 
the intrinsic cellular mechanisms of rhTRAIL-resistance, cancer 
cells that were once resistant to rhTRAIL-induced apoptosis can 
now be sensitized[36].
 rhTRAIL remains an attractive candidate as an anti-can-
cer therapy because it is able to selectively induce apoptosis in 
cancer cells while not harming normal healthy cells[37]. In the 
present work we show that rhTRAIL induces apoptosis in vitro 
and in vivo in malignant melanoma A375 cells. Our data demon-
strates that rhTRAIL can induce high levels of apoptosis through 
direct activation of the extrinsic pathway and the indirect acti-
vation of the intrinsic pathway. We have validated the specific-

ity and safety of rhTRAIL towards normal cells. rhTRAIL was 
able to induce robust levels of apoptosis malignant melanoma 
cells but not in normal adult human melanocytes. These data 
demonstrate the specificity of rhTRAIL for transformed cells. 
The ability of rhTRAIL to exhibit significant anti-tumor activity 
without harming normal cells contrasts traditional chemothera-
pies where all cells, normal and cancerous, are targeted for cell 
death[38,39]. Therefore, development of anti-cancer agents such 
as rhTRAIL that specifically target cancer cells is essential to 
enhance the treatment and overall quality of life for cancer pa-
tients. In conclusion, these data show that rhTRAIL would be an 
effective treatment for malignant melanoma with little potential 
for negative side effects. Thus, treatment with rhTRAIL would 
fulfill the need for a potent and safe treatment option for malig-
nant melanoma resulting in maximum anti-tumor effects with 
decreased negative impact on patients’ lives. 

Methods

Drugs and Chemicals: Recombinant human Tumor Necro-
sis Factor-Related Apoptosis-Inducing Ligand (rhTRAIL) was 
produced according to well defined and previously detailed 
protocols[40-42]. Briefly, rhTRAIL was produced in E.Coli using 
an optimized cDNA for the particular strain used. Following in-
duction for 22h, the cell paste was harvested and rhTRAIL was 
purified stepwise by FPLC using previously described methods. 
rhTRAIL was purified to homogeneity and analyzed at each step 
by SDS-PAGE following staining with Coomassie. The final 
product was found to be > 99% pure as demonstrated by HPLC 
and mass spectrometry.

Cell Culture: Human adult primary epidermal melanocytes 
(ATCC PCS-200-013) were maintained in Dermal Cell Basal 
Medium (ATCC PCS-200-030) supplemented with Adult Mela-
nocyte Growth kit (ATCC PCS-200-042) and 1% Antibiotic/An-
timycotic Solution (10,000 IU/ml penicillin, 10 mg/ml strepto-
mycin and 25 μg/ml amphotericin). A375 cells were maintained 
in DMEM, supplemented with 10% Fetal Bovine Serum (FBS) 
and 1% Antibiotic/Antimycotic Solution. Cells were incubated 
in a 90% humidified atmosphere with 5% CO2 at 37ºC.

Apoptosis Assay: Treated cells were trypsinized, harvested, 
washed twice with cold PBS and resuspended in 100 μl of An-
nexin-V binding buffer at a concentration of 1 x 103 cells/μl. Ac-
cording to manufacturer’s protocol, cells were incubated with 5 
μl of FITC-Annexin-V and Propidium Iodide (PI) for 15 minutes 
at room temperature in the dark (FITC-Annexin-V Kit Apoptosis 
Detection Kit I, BD Pharminogen). Stained cells were analyzed 
on BDFACS Canto II using Diva software. Single color controls 
(Annexin-V or PI only) were used to set up compensation and 
quadrants for FACS. 

Western Blot Analysis: Total cell lysates were prepared using 
RIPA lysis buffer (Sigma) containing 150 mM sodium chlo-
ride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate (SDS) and 50 mM Tris, pH 8.0 plus a 
1x cocktail of protease inhibitors (Protease Inhibitor Cocktail 
Set I, Calbiochem). Cells were lysed for 30 minutes at 4°C fol-
lowed by centrifugation for 10 minutes at 10,000 rpm at 4°C. 
Protein concentrations were determined using BCA protein as-
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say (Pierce). A 35 μg protein aliquot was mixed with 4x Lae-
mmli’s SDS sample buffer (0.02% Bromophenol Blue (BPB), 
8% Beta-mercaptoethanol (BME), 8% SDS, 40% glycerol and 
250 mM Tris-HCl, pH 6.8). Cell lysates were heated for five 
minutes at 100°C, resolved by 12% SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to polyvinylidene 
fluoride (PVDF) membrane. The membrane was blocked with 
5% non-fat milk or 5% BSA for ≥1 hour and incubated with 
primary antibodies for PARP, caspase 8, caspase 3, Bid, caspase 
9, caspase 6, caspase 7 (Cell Signaling). After incubation, the 
membrane was incubated with secondary anti-rabbit or mouse 
horseradish peroxidase (HRP)-conjugated antibodies (Biorad). 
Proteins were visualized through development by enhanced che-
miluminescence (ECL 2 Western Blotting Substrate, Pierce) and 
exposure on X-ray film. The blots were reprobed for β-actin to 
confirm equal protein loading.

Cytochrome c Release: Cells were resuspended in perme-
abilization buffer (400 µg/mL digitonin, 75 mMKCl, 1 mM 
NaH2PO4, 8 mM Na2HPO4 and 250 mM sucrose) plus protease 
inhibitors. Samples were incubated for 10 minutes at 4°C, cen-
trifuged at 16,000 g for five minutes at 4°C and the supernatants 
were kept as the cytosolic fraction. Samples were quantified as 
described above and 60 μg was resolved on a 15% gel. As de-
scribed above, the gel was transferred to PVDF, blocked and in-
cubated with anti-cytochrome c (Cell Signaling) and visualized 
by chemiluminescence.

Death Receptor Membrane Expression: Treated cells were 
collected with enzyme-free PBS-based cell dissociation buffer 
(Gibco Life Technologies) and stained with mouse anti-human 
DR4 and DR5 conjugated to phycoerythrin (PE) (eBioscience). 
Briefly, 0.25 x 106 cells were incubated in 100 µl of staining buf-
fer (2% FBS, 0.02% sodium azide in PBS) and 5 µl anti-DR4 or 
anti-DR5 for one hour on ice in the dark. As a negative control, 
cells were stained with mouse IgG1κ isotype antibody under the 
same conditions. After incubation, cells were washed twice with 
staining buffer and resuspended in 500 µl of staining buffer and 
analyzed on BDFACS Canto II using FACS Diva software.

Xenografts: Animal experiments were performed in accordance 
with guidelines approved by the Institutional Animal Care and 
Use Committee (IACUC) at the Cleveland Clinic Foundation. 
Female athymic nu/nu mice (Taconic Farms, Inc.) supplement 
with 100 mg/l ZnCl2 water were inoculated with 1.6 x 106 A375 
cells subcutaneously in both flanks. Tumor volume was moni-
tored until tumors reached approximately 200 mm3. Tumor di-
mensions were measured using calipers and tumor volume was 
calculated using the formula for a prolate spheroid (V = 4/3πa2b, 
where a = minor radius and b = major radius of the tumor) three 
times a week. Upon formation of established tumors, mice were 
randomized into groups (n = 8). rhTRAIL-treated mice received 
32 mg/kg for five days on a 21-day cycle and vehicle-treated 
controls received 250 µL PBS on the same cycle intraperitone-
ally (ip). The physical status of the mice, weight and activity, 
were visually monitored and treatments continued until the mice 
reached their end point and were sacrificed in accordance with 
IACUC.

Immunohistochemistry: Tumors were subjected to TUNEL 
Staining (ApopTagPlus FloresceinIn Situ Apoptosis Detection 

Kit, Millipore) according to manufacturer’s protocol. Briefly, tu-
mors were fixed in 10% formalin, treated with protein kinase K, 
washed twice with PBS, incubated in equilibration buffer for 10 
minutes and incubated with terminal deoxynucleotidyl transfer-
ase for 60 minutes at 37°C. Cells were washed with stop buffer 
for 10 minutes and then incubated with antidigoxigenin conju-
gate for 30 minutes at 25°C. After washing in PBS, cells were 
mounted with DAPI and viewed on a fluorescent microscope.

Xenograft Histology: Following euthanasia, liver, kidney, 
spleen, and tumors were harvested and fixed in 10% neutral 
buffered formalin. Sections of tumors and organs were stained 
with H&E and viewed microscopically.

Statistical Analysis: Student t-test was used to determine signif-
icance. P values less than 0.05 were deemed significant.
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