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Abstract

The incidence of malignant melanoma, a neoplasm of melanocytic cells, is increasing rapidly. The lymph nodes are often 
the first site of metastasis and can herald systemic dissemination, which is almost uniformly fatal. RLIP, a multi-specific 
ATP-dependent transporter that is over-expressed in several types of cancers, plays a central role in cancer cell resistance to 
radiation and chemotherapy. RLIP appears to be necessary for cancer cell survival because both in vitro cell culture and in vivo 
animal tumor studies show that the depletion or inhibition of RLIP causes selective toxicity to malignant cells. RLIP depletion/
inhibition triggers apoptosis in cancer cells by inducing the accumulation of endogenously formed glutathione-conjugates. In 
our in vivo studies, we administered RLIP antibodies or antisense oligonucleotides to mice bearing subcutaneous xenografts 
of SKMEL2 and SKMEL5 melanoma cells and demonstrated that both treatments caused significant xenograft regression with 
no apparent toxic effects. Anti-RLIP antibodies and antisense, which respectively inhibit RLIP-mediated transport and deplete 
RLIP expression, showed similar tumor regressing activities, indicating that the inhibition of RLIP transport activity at the 
cell surface is sufficient to achieve anti-tumor activity. Furthermore, RLIP antisense treatment reduced levels of RLIP, pSTAT3, 
pJAK2, pSrc, Mcl-1 and Bcl2, as well as CDK4 and cyclin B1, and increased levels of Bax and phospho 5’ AMP-activated protein 
kinase (pAMPK). These studies indicate that RLIP serves as a key effector in the survival of melanoma cells and is a valid target 
for cancer therapy. Overall, compounds that inhibit, deplete or downregulate RLIP will function as wide-spectrum agents to 
treat melanoma, independent of common signaling pathway mutations.

Introduction
Over the past decade, the incidence of cutaneous melanoma has 
risen faster than that of any other malignancy. Metastatic malig-
nant melanoma affects about 9300 patients in the United States 
every year and almost inevitably leads to death. Melanoma pre-
sents with significant risk once it reaches the metastatic stage, 
due to its characteristic refractoriness to current modalities of 
chemotherapy (1–5). In addition to the exposure of melanocytes 
to UV radiation, loss of CDK2NA is a significant risk factor for 
melanomagenesis and accounts for 70% of genetically predis-
posed cases of melanoma. Current therapeutic drugs for advanced 
melanoma, including dacarbazine [objective response rate (ORR) 
~18%], temozolomide (ORR ~15%), paclitaxel (ORR ~13%), cisplatin 

(ORR ~23%), docetaxel (ORR ~11%), lomustine (ORR ~13%) and 
carboplatin (ORR ~16%), offer only a partial benefit. Although 
combination treatments, such as dacarbazine with immune-
boosting drugs like ipilimumab, have yielded higher 1-year sur-
vival rates (47.3%), they have also been found to reduce 3-year 
survival rates (20.8%) and increase the occurrence of grade 3–4 
toxicities (56.3%), limiting their potential application in the clinic 
(1–3). In this context, there is a greater need for new candidate 
drugs capable of targeting multiple critical nodes of melanoma 
signaling. BRAF-targeted therapy has recently emerged as the 
most effective therapy for melanoma, but response rates are less 
than desirable, and the survival advantage is relatively short (4–6).
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Melanoma cells characteristically express high levels of 
transporter proteins in their membranes, which may contribute 
to both drug resistance and radiation resistance. Nevertheless, 
targeting the ATP-binding cassette (ABC) transporter family of 
proteins has not been effective in reversing drug-resistance in 
melanoma. Cell line, animal and human clinical data indicate 
that the ABC transporters MRP, P-glycoprotein (Pgp) and others 
can mediate drug accumulation defects in malignant cells; 
however, their correlations with pathology, clinical resistance 
and outcomes in melanoma are poor, and attempts to improve 
therapeutic efficacy by targeting them have not been successful 
(7,8). Although alternative targeting strategies may ultimately 
prove efficacious (9), inhibitors of ABC transporters have not yet 
been successful in clinically improving chemotherapeutic out-
comes (8). These findings clearly indicate that other transport 
and resistance mechanisms are involved (10).

The current study aimed to supply and interrogate a missing 
piece of the puzzle: the multi-specific transporter RLIP. RLIP is 
a stress-responsive non-ABC, high-capacity transporter, which 
is likely to have had a significant confounding effect in the pre-
vious studies on ABC transporters in melanoma. Compared with 
normal cells, cancer cells appear significantly more sensitive to 
apoptosis triggered by blocking RLIP, suggesting the feasibility of 
targeting RLIP in melanoma therapy. In contrast, the genetic de-
letion of RLIP causes the loss of about 70% of total glutathione-
electrophile conjugate (GS-E) transport activity, along with 
major phenotypic effects due to sensitivity to stress- and toxin-
mediated apoptosis. The loss of GS-E transport activity results 
in the accumulation of GS-Es and their electrophilic precursors 
(e.g., GS-HNE and 4HNE) in animal tissues (11–14).

The mercapturic acid pathway (MAP) is known to be highly 
upregulated in melanoma, as demonstrated by several pre-
vious studies showing increased expression of glutathione 
(GSH), glutathione S-transferases (GSTs) and other GSH-linked 
enzymes (15). Melanoma cells are typically rich in MAP en-
zymes, as well as clathrin-dependent endocytosis (CDE). Both 
the MAP and CDE play crucial roles in antagonizing apoptosis, 
promoting tumor growth and invasion and resisting thera-
peutic interventions, such as chemotherapy, biological therapy 
and radiotherapy. We previously demonstrated that melanoma 
contains more RLIP protein per cell than any other cancer, and 
this expression level correlates with CDE of fluorescently labeled 

epidermal growth factor. We also showed that cultured mouse 
B16 melanoma cells are susceptible to RLIP blockade by anti-
bodies and RLIP depletion by antisense oligonucleotides and 
siRNA; moreover, B16 melanoma subcutaneously implanted 
into C57Bl/6 mice undergoes sustained regression upon RLIP 
depletion or inhibition (16). Until now, we had not yet studied 
human melanoma cell lines or xenografts to determine whether 
the effects of RLIP depletion/inhibition in B16 cells represent a 
generalized phenomenon. Furthermore, we had not evaluated 
the role of RLIP in cell motility, invasiveness, CDE or other Ral-
regulated movement pathways.

Thus, we sought to determine whether RLIP depletion/in-
hibition has broad-spectrum efficacy against human melanoma 
xenografts, regardless of genetic background, as we have dem-
onstrated in mouse melanoma and other human neoplasia. 
Natural products or synthetic compounds inspired from natural 
products continue to be excellent sources for new drug candi-
dates, especially in the area of anticancer therapeutic. We pre-
dicted that like spirooxindole derivatives (SOID-1 to SOID-12) 
and a small molecule 6-bromoindirubin-3′-oxime–mediated 
growth inhibition of human melanoma cells (17–19), RLIP deple-
tion/inhibition would be accompanied by apoptosis, inhibition 
of CDE and blockade of JAK2/STAT3 signaling used by melanoma 
cells to avoid apoptosis and promote growth. CDE determines 
the strength of growth-factor induced mitogenic signaling and 
STAT3 activation (20). Therefore, the present studies were de-
signed to examine the effects of inhibiting the transport activity 
of RLIP on melanoma cells in culture and tumor xenografts in 
nude mice, with a focus on developing a novel RLIP-targeted 
therapeutic strategy for the treatment of melanoma.

Materials and methods

Materials
The terminal deoxynucleotidyl-transferase deoxyuridine triphosphate 
nick-end labeling (TUNEL) fluorescence apoptosis kit and avidin/biotin 
complex detection kit were purchased from Promega (Madison, WI) and 
Vector (Burlingame, CA), respectively. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide) was purchased from Sigma–Aldrich (St. 
Louis, MO). Antibodies for CD31, Ki67, cyclin B1, CDK4, Bcl2, Mcl-1, Bax, 
pJAK2 (Tyr1007/1008), JAK2, pSTAT3 (Tyr705), STAT3, pSrc (Tyr416), Src, β-actin and 
phospho 5’ AMP-activated protein kinase (pAMPK) (T172) were purchased 
from Cell Signaling Technologies (Danvers, MA). RLIP antibodies were pur-
chased from Santa Cruz Biotechnology (Columbus, OH). Anti-rabbit and 
anti-mouse horseradish peroxidase–conjugated secondary antibodies were 
purchased from Cell Signaling Technologies. Doxorubicin (DOX, Adriamycin) 
was obtained from Adria Laboratories (Columbus, OH). 14C-DOX (specific ac-
tivity 43.6 Ci/mmol) was purchased from NEN Life Sciences (Boston, MA). 
3H-GSH (3000 Ci/mmol) was purchased from Pharmacia Biotech (Piscataway, 
NJ). DNP-SG (2,4-dinitrophenyl-S-glutathione) was synthesized from CDNB 
(1-chloro-2,4-dinitrobenzene) and GSH according to the method described 
previously (21). The Universal Mycoplasma Detection Kit was procured from 
the American Type Culture Collection (ATCC; Manassas, VA).

Cell lines and cultures
Human melanoma cell lines (A2058, A375, G361, MeWo, A101D, SKMEL2, 
SKMEL5 and SLMEL28) were purchased from ATCC. Normal human dermal 
fibroblasts (NHDF) were kindly provided by Dr Jun Wu, Tumor Biology Core, 
City of Hope, Duarte, CA. Human aortic vascular smooth muscle cells 
(HAVSMC) and human umbilical vascular endothelial cells (HUVEC) were 
kindly provided by Dr Fiemu Nwariaku, University of Texas Southwestern 
Medical Center, Dallas, TX. All cells were cultured at 37°C in a humidi-
fied atmosphere of 5% CO2 in the appropriate medium: RPMI 1640 (A2058, 
A375, G361, MeWo, SKMEL2, SKMEL5 and SKMEL28), DMEM (A101D, 
HAVSMC and NHDF) or EGM-2 BulletKit (HUVEC), supplemented with 10% 
(v/v) heat-inactivated FBS and 1% (v/v) penicillin/streptomycin (P/S). Cell 
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lines were authenticated by analyzing 15 different human short tandem 
repeats by the City of Hope Integrative Genomics Core, Duarte, CA. All cells 
were tested for Mycoplasma once every 3 months.

RLIP phosphorothioate antisense preparation
Chemically synthesized phosphorothioate DNA in desalted form was 
purchased from Biosynthesis, Inc (Lewisville, TX). A  21-nucleotide-long 
scrambled phosphorothioate DNA was used as a control (16).

MTT cell viability assay
MTT assays were used to determine the effects of RLIP inhibition and 
depletion on the viability of melanoma cells (A2058, A375, G361, MeWo, 
A101D, SKMEL2, SKMEL5 and SKMEL28) and normal cells (NHDF, HAVSMC 
and HUVEC). Cells were seeded in 96-well plates (5,000 cells/well) and 
treated for 48 h with RLIP IgG (40 µg/ml) or transfected with RLIP antisense 
(20 µg/ml) using Maxfect Transfection Reagent (MoleculA, Inc), according 
to the manufacturer’s protocol. Next, 10 μl MTT (5 mg/ml) was added to 
each well, and the plates were incubated for 4 h at 37°C. Later, the medium 
was removed, and the cells were washed with phosphate-buffered saline 
(PBS). The resulting formazan crystals were dissolved in 100 μl of DMSO, 
and the absorbance reading of each well was taken at 570 nm using a plate 
reader (Microplate XMark™ spectrophotometer; Bio-Rad, Hercules, CA). 
The percentage of cell survival was determined based on the background-
corrected absorbance, as shown in the following formula: cell survival 
(%)  =  (AbsorbanceTreatment/AbsorbanceControl) × 100. The data shown repre-
sent the mean and standard deviation of data from three independent 
experiments, each with eight replicate wells per treatment. Western blot 
analyses confirmed the extent of RLIP depletion using RLIP antisense.

Detection of RLIP protein expression in normal and 
melanoma cell lines
Melanoma cells (A2058, A375, G361, MeWo, A101D, SKMEL2, SKMEL5 
and SKMEL28) and normal cells (NHDF and HUVEC) were collected by 
trypsinization, washed with PBS and then lysed using sodium dodecyl 
sulfate lysis buffer (Cell Signaling Technologies) containing protease and 
phosphatase inhibitors (Roche, Indianapolis, IN). The cell pellets were 
briefly sonicated to dissociate cell membranes. Fifty microgram of total 
protein isolated from these cells was electrophoresed on 12.5% sodium 
dodecyl sulfate–polyacrylamide gels at 200 V for 1 h and then the proteins 
were then transferred to nitrocellulose membranes at 100 V for 70 min 
at 4°C. The blots were then probed with primary antibodies against RLIP 
(1:1000) overnight at 4°C. The next day, the blots were rinsed with 1× TBS-
tween (0.1%) and probed with horseradish peroxidase–conjugated sec-
ondary antibodies (1:5000) for 1  h at room temperature. The blots were 
analyzed using SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Fisher Scientific, Rockford, IL), and images were captured using a 
MultiImage Light Cabinet (Alpha Innotech, San Leandro, CA). RLIP protein 
expression levels were normalized to β-actin expression levels. Western 
blot analysis was performed in triplicate, and images shown represent 
typical replicates.

TUNEL assays to detect the effects of anti-RLIP IgG 
on apoptosis
To measure apoptosis, DNA fragments were labeled by TUNEL and detected 
using a Promega Apoptosis Detection Kit, according to the manufacturer’s 
protocol. Briefly, aliquots of cells (1  × 105) were plated on coverslips in 
12-well plates and incubated for ~12 h, followed by treatment with either 
pre-immune serum or anti-RLIP IgG (40 µg/ml final concentration). After 
24  h, the cells were washed with PBS. Apoptotic cells were detected by 
green fluorescence and characteristic shrinkage.

Transport studies in inside-out vesicles
Crude membrane inside-out vesicles (IOVs) were prepared from the 
normal cells (NHDF, HAVSMC and HUVEC) and melanoma cells (A2058, 
A375, G361, MeWo, A101D, SKMEL2, SKMEL5 and SKMEL28) using proced-
ures that we previously established for K562 human erythroleukemia cells 
(11,22). The transport of DOX and DNP-SG by IOVs was evaluated using 

the method previously described (11). The ATP-dependent uptake of 14C-
DOX was determined by subtracting the radioactivity (cpm) of the control 
IOVs (without ATP) from that of the experimental IOVs containing ATP; the 
transport of DOX was calculated in terms of pmol/min/mg IOV protein. 
The transport of 3H-DNP-SG was measured in a similar manner. Each de-
termination was performed in triplicate.

Transport studies in IOVs coated with antibodies
IOVs (20  µg protein/30  µl reaction mixture) were incubated with 1  µg of 
anti-RLIP, anti-MRP1 or anti-Pgp antibodies for 30 min at room tempera-
ture. In one control reaction, IgG was excluded, and in the other control, 
IOVs were incubated with pre-immune IgG. After incubation, the ATP-
dependent transport of 14C-DOX in the antibody-coated vesicles was 
measured.

In vivo xenograft studies
All animal experiments were carried out according to a protocol ap-
proved by the City of Hope Institutional Animal Care and Use Committee. 
Hsd:Athymic nude (nu/nu) mice were obtained from Charles River 
(Wilmington, MA) and acclimated to the facility for 1 week before the be-
ginning of the experiment. After acclimation, twenty 8-week-old mice 
were subcutaneously injected in one flank with 1 × 106 SKMEL2 cells sus-
pended in 100 µl of PBS. At the same time, the animals were randomly 
divided into four groups (n  = 5) for treatment with pre-immune serum, 
RLIP antibodies, control scrambled antisense or RLIP antisense (5  mg/
kg b.w. each). Treatment was started 10 days after SKMEL2 cell implant-
ation, once tumor growth was palpable. Treatments were administered via 
intraperitoneal injection once a week for 7 weeks. A similar protocol was 
followed for SKMEL5 xenografts studies. Animals were examined daily for 
signs of tumor growth. Tumors were measured in two dimensions using 
calipers, and body weights were recorded. Photographs of the animals 
were taken on days 1, 10, 20, 30, 40 and 50 after the initiation of treat-
ment. Photographs of the tumors were also taken on day 50. At the end 
of the study, the mice were euthanized by CO2 asphyxiation, followed by 
cervical dislocation. Tumor weights were compared between groups using 
an unpaired Student’s t-test. Tumors were fixed in 10% buffered formalde-
hyde solution and paraffin-embedded for immuno-staining or were snap-
frozen in liquid nitrogen for further molecular analysis, such as western 
blot analysis.

Immunohistochemistry
Tumor tissues from mice in all four treatment groups (treated with pre-
immune serum, RLIP antibodies, control scrambled antisense or RLIP 
antisense) were collected, fixed in buffered formalin for 24 h, embedded 
in paraffin, cut into 5 μm thick sections and mounted on poly-l-lysine–
coated slides. Tissue sections were stained with hematoxylin and eosin, 
and antibodies against RLIP, Ki67, CD31 and pAMPK were detected using 
a universal avidin/biotin complex detection kit (Vector). Immunoreactive 
areas were marked by dark brown staining, whereas non-reactive areas 
displayed only background staining. Photomicrographs were acquired 
using an Olympus DP 72 microscope with ×40 magnification. The intensity 
of antigen staining was quantified by digital image analysis using DP2-
BSW software.

Statistical analysis
Unless otherwise specified, data are presented as mean ± standard devi-
ation for at least three independent experiments. Changes in tumor size 
and body weight during the course of the experiments were visualized by 
scatter plot. The statistical significance of differences between the con-
trol and treatment groups was determined by paired t-tests or two-way 
ANOVA. P ≤ 0.05 was considered statistically significant.

Ethics statement
No human subjects were involved in the present study. All animal studies 
were conducted according to a protocol approved by the City of Hope 
Animal Care and Ethics Committee (IACUC protocol # 20033). Any mice 
showing signs of distress, pain or suffering due to tumor burden were hu-
manely euthanized.
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Results

Expression of RLIP

RLIP is a ubiquitously expressed protein that is most highly 
expressed during embryonic development. In adult life, it is 
found primarily in the vascular endothelium and kidney. Lower 
amounts are expressed in normal adult lung, pancreas, muscle 
and bone marrow (11–13). Genome-wide expression studies 
have revealed that, compared with normal parenchyma, cancer 
cells nearly uniformly overexpress RLIP. Increased RLIP protein 
levels have been reported in various cancer cell lines and tissues 
compared with their normal counterparts (16,23–25). Therefore, 
we investigated the expression of RLIP protein in various human 
normal cells (NHDF and HUVEC) and melanoma cells (A2058, 
A375, G361, MeWo, A101D, SKMEL2, SKMEL5 and SKMEL28). 
Western blot analyses of membrane protein extracts from these 
cells, performed against anti-RLIP IgG, indicated higher RLIP 
protein levels in melanoma versus normal cells (Figure 1A), 
which was confirmed by immunohistochemistry (Figure 1B). In 
addition, we found that RLIP protein levels were reduced in mel-
anoma cells (SKMEL2 and SKMEL5) upon treatment with RLIP 
antisense (Figure 1C).

Inhibition of RLIP induces apoptosis

To assess the mechanisms underlying the cytotoxicity of RLIP 
inhibition, we measured apoptosis using immunohistochemical 
TUNEL assays. In TUNEL assays, the induction of apoptosis is 
visualized as green fluorescence. This assay did not reveal 

detectable apoptosis in the NHDF cells treated with pre-immune 
IgG or anti-RLIP IgG, or in the SKMEL2 or SKMEL5 melanoma 
cells treated with pre-immune serum; however, apoptosis was 
observed in the SKMEL2 and SKMEL5 melanoma cells treated 
with anti-RLIP IgG (Figure 1D). This suggests that RLIP may be an 
attractive target for inhibiting melanoma growth.

Table 1 shows RLIP protein concentrations and transport ac-
tivity in melanoma and nonmalignant normal cell lines. The 
amount of total crude membrane protein obtained from 100 × 
106 cells in log-phase growth were comparable for normal and 
cancer lines. RLIP represented 0.19  ± 0.02% and 0.83  ± 0.14% 
of the total detergent-soluble protein from the membranes of 
normal and melanoma cells, respectively (Table 1). These per-
centages of total membrane protein are within the range previ-
ously determined for other cell lines (16).

Transport activity of RLIP is greater in 
melanoma cells

We have shown that proteoliposomes reconstituted with RLIP 
mediate the ATP-dependent transport of DOX and other drugs 
(11,26). In order to examine whether the differential RLIP pro-
tein expression in normal and melanoma cells is reflected in 
their transport activity, we compared the ATP-dependent up-
take of DOX and DNP-SG in crude membrane IOVs prepared 
from the membranes of control and melanoma cells. The 
results presented in Table 1 clearly demonstrate that IOVs 
prepared from melanoma cells had significantly higher ATP-
dependent transport of DOX and DNP-SG than IOVs prepared 

Figure 1.  RLIP levels in normal versus melanoma cells. (A) Fifty microgram of protein from normal cells (NHDF and HUVEC) and melanoma cells (A101D, A2058, 

A375, G361, MeWo, SKMEL2, SKMEL5 and SKMEL28) was loaded onto 12.5% sodium dodecyl sulfate–polyacrylamide gels, electrophoresed, transferred to nitrocellulose 

membranes and probed with anti-RLIP IgG as the primary antibody and horseradish peroxidase–conjugated goat anti-rabbit IgG as the secondary antibody. β-Actin 

was used as a loading control. The experiment was performed three times, with one representative image shown here. (B) RLIP expression was also evaluated by the 

immunohistochemical analysis of melanoma (SKMEL2 and SKMEL5) and normal (NHDF) cell lines. For immunohistochemical localization studies, anti-RLIP IgG was 

used as the primary antibody and FITC-conjugated goat anti-rabbit IgG was used as the secondary antibody. (C) Western blot analysis was also conducted 24 h after 

treatment with scrambled control antisense (CAS) or RLIP antisense (RAS; 20 µg/ml final concentration) using Maxfect transfection reagent. Fifty microgram of protein 

was loaded onto the gels, and the blots were probed with anti-RLIP IgG. β-Actin was used as a loading control. The numbers below the blots represent the fold change 

in protein levels compared to the control, as determined by densitometry. The experiment was performed three times, with one representative image shown here. 

(D) Effect of anti-RLIP IgG on apoptosis, as determined by TUNEL assays. Melanoma (SKMEL2 and SKMEL5) and normal (NHDF) cells were grown on coverslips, treated 

with either pre-immune serum or anti-RLIP IgG (40 μg/ml final concentration) for 24 h and then washed with PBS. TUNEL assays were performed using the Promega 

Apoptosis Detection Kit and examined using a Zeiss LSM 510 META laser scanning fluorescence microscope with filters 520 and 620 nm. Apoptotic cells are marked by 

green fluorescence. The photographs shown were taken at identical exposure at ×400 magnification.
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from normal cells. The ATP-dependent transport of both 14C-
DOX and 3H-DNP-SG was greater in melanoma cells containing 
greater amounts of RLIP protein, and there was a general cor-
relation between RLIP protein levels and transport activity 
(Table 1). Thus, greater RLIP expression corresponded to greater 
transport activity.

Relative contribution of RLIP toward DOX transport

DOX is a common allocrite transported by RLIP (11), MRP1 (27) 
and MDR1 (28). Therefore, we quantified the relative contribu-
tions of these transporters to the ATP-dependent transport of 
DOX in SKMEL2 melanoma cells using an immunological ap-
proach. We previously showed that anti-RLIP IgG inhibits DOX 
transport in IOVs (29). Likewise, antibodies against MRP and Pgp 
also inhibit transport activity in IOVs (30,31). Thus, we designed 
experiments to measure the ATP-dependent uptake of 14C-DOX 
by IOVs prepared from SKMEL2 cells and coated with anti-RLIP 
IgG, anti-MRP1 IgG or anti-MDR1 IgG. The optimal concentra-
tions to specifically inhibit DOX transport were determined in 
titration studies in which varying concentrations of each anti-
body were used to coat the membrane vesicles. Anti-RLIP IgG, 
which specifically recognized only RLIP in crude extracts of 
SKMEL2 cells, inhibited 65 ± 9% of total DOX transport in IOVs 
prepared from SKMEL2 cells. Anti-MRP IgG also inhibited DOX 
transport in a saturable manner, but the maximal inhibition 
achieved (26 ± 4%) was less than that of anti-RLIP IgG. Anti-Pgp 
IgG had a small but detectable inhibitory effect on DOX trans-
port (5 ± 2%). This study also established that <40 µg/ml of each 
antibody was sufficient to quantitatively inhibited the trans-
port activity of each respective antigen present in the amount 
of vesicles used (20 µg/30 µl reaction mixture). In vesicles coated 
with a mixture of all three antibodies, almost complete abroga-
tion of DOX transport (91 ± 6%) was observed. In control vesicles 
coated with pre-immune IgG, transport activity remained un-
affected. These results demonstrate that RLIP, MRP and Pgp to-
gether constitute nearly all ATP-dependent transport activity 
in these membranes. Furthermore, these results established 
that RLIP accounts for the majority (about two-thirds) of ATP-
dependent DOX transport in melanoma cells.

RLIP inhibition and depletion cause preferential 
cytotoxicity in melanoma cells

The cytotoxic effects of RLIP inhibition by antibodies and RLIP 
depletion by antisense on melanoma cells were assessed using 
an established MTT assay (16). Cells were treated with pre-
immune IgG, control scrambled antisense, anti-RLIP IgG (40 µg/
ml) or RLIP antisense (20  µg/ml) for 48  h. Both RLIP-targeting 
agents exhibited preferential toxicity against melanoma cells 
compared to nonmalignant cells, consistent with our observa-
tions of other malignant (lung, colon, kidney and prostate) cell 
lines in similar experiments (16,32–35). Compared with their re-
spective controls, RLIP IgG (Figure 2A) and RLIP antisense (Figure 
2B) had significant growth inhibitory effects on melanoma cells. 
In contrast, RLIP inhibition and depletion did not have signifi-
cant growth inhibitory effects on normal epithelial cells. Figure 
2C shows the percentage of surviving cells in each cell line upon 
treatment with RLIP IgG or RLIP antisense. Figure 2D lists the 
genetic mutations present in the melanoma cell lines.

RLIP inhibition and depletion cause regression of 
melanoma xenografts in nude mice

The ultimate pre-clinical test of the potential utility of an anti-
neoplastic agent is to demonstrate its effectiveness in an animal 
model. Thus, the anti-neoplastic effects of RLIP inhibition and 
depletion were examined in a xenograft model of melanoma. 
Mice bearing subcutaneous tumors (~33  mm2) were treated 
with 5 mg/kg b.w. of RLIP antibodies, RLIP antisense, or their re-
spective controls (pre-immune serum or control antisense) by 
intraperitoneal injection. The tumors of mice that received the 
RLIP-targeting agents exhibited rapid and dramatic reductions 
in size, whereas the tumors of mice in the control treatment 
groups showed uncontrolled growth. This remarkable difference 
in outcomes was clearly evident for melanoma cell lines (Figure 
3 and Supplementary Figures 1 and 2, available at Carcinogenesis 
Online). The weight gain of the tumor-bearing mice was com-
parable to that of non-tumor-bearing controls, and no overt 
toxicity was evident among the mice tested (Figure 3A and D). 
A remarkable contrast in tumor growth was also clearly evident 

Table 1.  RLIP protein concentrations and transport activity in melanoma and non-malignant cell lines

Total crude protein RLIP protein Transport activity (pmol/min/mg)

mg/108 cells µg/108 cells % of total protein 14C-DOX 3H-DNP-SG

Human melanoma
  A101D 6.84 ± 0.54 42 ± 5 0.62 266 ± 24 878 ± 64
  A2058 7.28 ± 0.92 57 ± 4 0.78 344 ± 32 1148 ± 102
  A375 6.98 ± 0.72 64 ± 8 0.92 405 ± 34 1314 ± 94
  G361 7.36 ± 0.82 65 ± 6 0.89 412 ± 28 1322 ± 86
  MeWo 7.48 ± 0.66 63 ± 7 0.84 394 ± 26 1244 ± 114
  SKMEL2 6.92 ± 0.58 63 ± 5 0.91 401 ± 36 1268 ± 76
  SKMEL5 7.64 ± 0.84 66 ± 7 0.86 422 ± 44 1426 ± 128
  SKMEL28 7.26 ± 0.62 61 ± 4 0.82 364 ± 38 1136 ± 92
Non-malignant
  NHDF 6.68 ± 0.78 12 ± 1 0.18 34 ± 4 102 ± 9
  HAVSMC 6.24 ± 0.72 11 ± 1 0.17 38 ± 5 104 ± 12
  HUVEC 6.82 ± 0.64 14 ± 1 0.21 34 ± 3 108 ± 11

Homogenate was prepared from 100 × 106 cultured cells. RLIP was quantified by ELISA. Purified recombinant RLIP was used to generate calibration curves. For trans-

port studies, the plasma membrane fraction obtained from 2 × 107 cells was enriched for IOVs by wheat-germ agglutinin affinity chromatography (11,22). Transport 

activity was calculated based on measurements of the uptake of 14C-DOX (specific activity 8.4 × 104 cpm/nmol) or 3H-DNP-SG (specific activity 3.8 × 103 cpm/nmol) 

into IOVs (20 µg/30 µl reaction mixture) in the absence or presence of 4 mM ATP after 10 min incubation at 37°C, as previously described (11). Each transport study 

was performed with three replicates in three independent experiments (n = 9).

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab016#supplementary-data
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(Figure 3B and E). Compared with the control treatments, the 
RLIP-targeting agents caused a significant reduction in tumor 
weight. At the end of the study, on day 50 after the initiation 
of treatment, the average final tumor weights were signifi-
cantly lower in both SKMEL2 (Figure 3C) and SKMEL5 (Figure 
3F) xenograft-bearing mice that received RLIP-targeting agents 
compared to respective controls (Figure 3C—SKMEL2 melanoma 
tumor xenograft model: pre-immune serum, 1.82 g; scrambled 
antisense, 1.98  g; versus RLIP antibody, 0.64  g; RLIP antisense, 
0.53  g; Figure 3F—SKMEL5 melanoma tumor xenograft model: 
pre-immune serum, 1.68 g; scrambled antisense, 1.84 g; versus 
RLIP antibody, 0.58 g, RLIP antisense, 0.51 g). No macroscopic evi-
dence of metastasis to other organs was evident for any experi-
mental groups. These studies demonstrate the significant and 
sustained regression of SKMEL2 and SKMEL5 xenografts upon 
targeted depletion of the MAP transporter protein RLIP.

Protein levels in tumor tissue after RLIP antisense 
treatment

The constitutive activation of signal transducer and activator of 
transcription 3 (STAT3), mediated by Src and Janus kinase (JAK) 
tyrosine kinases, participates in the regulation of tumor cell 
growth (36,37). The function of JAKs has been associated with 
the activation of the STAT signaling pathway (38). The activation 
of STAT3 signaling has an important role in melanoma onco-
genesis (39). Tumor tissue lysates from mice treated with control 
scrambled antisense or RLIP antisense were assessed by western 
blot and immunohistochemistry for the expression of prolifer-
ation, apoptosis and cell cycle markers. Western blot analysis 
showed that, compared with the control treatment, treatment 

with RLIP antisense reduced the protein expression of RLIP and 
the cell cycle regulatory proteins CDK4 and cyclin B1; inhibited 
the phosphorylation (activation) of STAT3, JAK2 and Src, as well 
as the expression of Mcl-1 and Bcl2; and increased levels of Bax 
and pAMPK (Figure 4). Taken together, these data suggest that 
RLIP antisense inhibits the JAK2/STAT3 signaling pathway in 
melanoma cells, leading to the induction of apoptosis.

Impact of RLIP depletion on markers of tumor cell 
proliferation and angiogenesis

Upon completion of the in vivo studies, paraffin-embedded 
xenograft tumor sections were histopathologically examined by 
hematoxylin and eosin staining. This examination revealed that 
RLIP depletion by antisense, but not the control treatment, re-
duced the number of tumor blood vessels and restored normal 
morphology. Avidin/biotin complex staining revealed that RLIP 
antisense treatment also reduced levels of the proliferation 
markers RLIP and Ki67, as well as the angiogenesis marker CD31. 
AMPK is a critical cellular protein that senses the low energy 
status of cells and inhibits cell proliferation and survival (40). 
RLIP depletion increased levels of pAMPK in tumor sections, pro-
viding corroborative evidence for the anti-tumor effects of RLIP 
antisense in in vivo models of melanoma (Figure 5). Taken to-
gether, our results indicate that RLIP antisense displays strong 
anticancer effects in melanoma.

As existing therapies do not greatly improve the survival rates 
of patients with advanced melanoma, it is critical to find new 
treatments based on a better understanding of the molecular 
mechanisms underlying its malignant progression. In our study, 
RLIP antisense induced apoptosis in melanoma cells both in vitro 

Figure 2.  Effects of RLIP antibody and RLIP antisense on cell viability. Comparison of the cytotoxic effects of anti-RLIP IgG and RLIP antisense on melanoma versus 

normal cells. (A) The effect of pre-immune IgG (blue columns) and anti-RLIP IgG (red columns; 40 µg/ml final concentration) on cell survival was determined by MTT 

assays conducted 48 h after treatment. (B) MTT assays were also conducted 48 h after treatment with scrambled antisense (CAS, blue columns) and RLIP antisense 

(RAS, red columns; 20 µg/ml final concentration) using Maxfect transfection reagent. (C) The percentage of surviving cells in each cell line after treatment with RLIP 

antibodies and RLIP antisense. The data are presented as mean ± SD from three separate experiments with eight replicates each (n = 24). (D) Genetic mutations in each 

human melanoma cell line.
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and in vivo. Furthermore, we found that the anti-tumor activity 
of RLIP antisense is associated with the downregulation of JAK2/
STAT3 signaling in melanoma cells, suggesting that the inhib-
ition of the JAK/STAT3 pathway could be a potential therapeutic 
approach for melanoma. Our study also revealed that RLIP 

antisense reduced the tyrosine phosphorylation of STAT3 in vivo, 
and this suppression was mediated by a reduction in the phos-
phorylation of JAK2. Therefore, targeting STAT3 may be a prom-
ising therapeutic strategy to prevent or inhibit metastasis in 
melanoma patients and warrants further clinical investigation.

Figure 3.  Effects of RLIP-targeting agents on tumor growth. Athymic nude mice were implanted with SKMEL2 and SKMEL5 human melanoma cells and treated with 

5 mg/kg b.w. of pre-immune serum (PIS), RLIP antibody (Rab), control scrambled antisense (CAS) or RLIP antisense (RAS). Weight gain (A, D), tumor cross-sectional area 

(B, E) and tumor weight (C, F) were determined for each treatment group at the end of the study (day 50). Each value in the line and bar graphs represents the mean ± 

SD from five mice in each group. Photographs of the tumors were also taken on day 50.

Figure 4.  Effects of RLIP antisense on the expression of various proteins in tumor tissues. (A) Tumor tissue excised from SKMEL2 and SKMEL5 xenograft-bearing mice 

treated with control scrambled (CAS) or RLIP antisense (RAS) were analyzed for changes in expression levels of RLIP, pSTAT3 (Y705), pJAK2 (Y1007), pSrc (Y416), Bcl2, Bax, 

Mcl-1, CDK4, cyclin B1 and pAMPK (T172). β-Actin was used as a loading control. (B) Bar diagram showing the quantification of protein expression based on the Western 

blots shown in (A). The dotted lines indicate the protein expression levels in control tissues.
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Discussion
STAT proteins play an important role in oncogenic signaling 
(36,37). The constitutive activation of STATs, including STAT3 
and STAT5, is frequently observed in human tumor cells and 
tissues. STATs have essential functions in regulating cell pro-
liferation, differentiation, survival, angiogenesis and immune 
function. One of the seven different STAT family members, 
STAT3, is persistently activated by non-receptor tyrosine kin-
ases, such as JAKs or Src family kinases (37). The constitutive 
activation of STAT3 has a critical role in cell growth and survival 
in human solid tumor malignancies. STAT3 activation requires 
Tyr705 phosphorylation, resulting in dimerization, nuclear trans-
location, DNA binding and transcriptional activation of target 
genes, such as Mcl-1, survivin, Bcl-2 and cyclin D1 (41). STAT3 
regulates basic biologic processes important in tumorigenesis, 
including cell cycle progression, survival, tumor angiogenesis 
and tumor cell evasion of the immune system (37). Many of the 
studies that defined the role of STAT3 in oncogenesis were car-
ried out in cancer cells and animal models of melanoma, and 
targeting STAT3 signaling in melanoma cells is an appealing 
strategy (39). In STAT3 signaling, two phosphorylated STAT3 
monomers dimerize through reciprocal phosphotyrosyl-SH2 
domain interactions. The phosphorylated STAT3 dimers then 

translocate to the nucleus and bind to the promoters of spe-
cific STAT3-responsive genes. Constitutively activated STAT3 
upregulates the expression of the anti-apoptotic proteins Mcl-1 
and Bcl2 in human cancer cells (36). In contrast, the blockade 
of STAT3 signaling downregulates these downstream target 
genes associated with the induction of apoptosis in human 
cancer cells.

Proteins in the JAK family, including JAK1, JAK2, JAK3 and 
tyrosine kinase 2 (Tyk2), display similar structures and func-
tions. JAKs are activated by interferons and growth hormones. 
The activation of JAKs is critical in cytokine receptor signaling. 
Constitutively activated JAKs phosphorylate critical cellular 
substrates associated with oncogenic signaling pathways, such 
as STAT family members, including STAT3. Activated JAK/STAT 
signaling has been extensively validated as a targetable mo-
lecular pathway for treating solid tumors (36–38).

Malignant melanoma is a neoplasm of melanocytic cells 
with rising incidence. Although most cases are identified early, 
even early-stage malignant melanoma can metastasize. The 
lymph nodes are often the initial sites of metastasis, but dis-
tant metastases also occur and are almost uniformly fatal (1–3). 
Using current standard clinical measures, there is limited ability 
to predict, detect and prevent lymph node and distal metastases 

Figure 5.  Immunohistochemical analysis of proliferation and angiogenesis markers in SKMEL2 and SKMEL5 xenograft tumors. Immunohistochemical analysis was 

conducted using tumor tissues from SKMEL2 and SKMEL5 xenograft-bearing mice treated with control scrambled (CAS) and RLIP antisense (RAS). Hematoxylin and 

eosin staining and staining to detect RLIP, Ki67, pAMPK and CD31 were performed. Photomicrographs at ×40 magnification were acquired using an Olympus DP 72 

microscope. The percentage of stained tissue was determined by measuring positive immunoreactivity per unit area. The intensity of antigen staining was quantified 

by digital image analysis using Pro Plus software. One representative image for each treatment group is shown. Bars represent mean ± SE (n = 5). The statistical signifi-

cance of differences between groups was determined by two-tailed Student’s t-test. *P < 0.01, compared with controls.
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in patients with the propensity to develop them. This calls for 
new biomarkers and preventive strategies.

RLIP is the gene product of RALBP1, located at chromo-
some 18p11.22. RLIP is a central regulator of cellular oxidative 
stress and is pivotal for the export of electrophilic and non-
electrophilic xenobiotics, including chemotherapeutic agents 
and targeted therapies (11–14). RLIP also has a central role in 
intracellular signal transduction processes, binding to mul-
tiple proteins, such as Ral A  and B, Hsf1, AP2, ARIP2 (activin 
receptor-interacting protein-2), POB1, CDK1, PKCα and cdc42. It 
has been shown to function as an effector protein for RalA and 
RalB, mediating GTPase-activating protein activity for cdc42 and 
Rac1 (11–13,42). In several pre-clinical models, as well as clinical 
studies, RLIP has been shown to correlate with the metastatic 
potential of various neoplasms (23–25,42–45). In addition, we 
have shown that RLIP knockout completely abrogates CDE (46).

The success of any targeted therapy to treat human malig-
nancies relies on its ability to demonstrate potential in multiple 
stages of drug development. In this regard, RLIP antisense has 
tremendous advantages as a potential treatment for melanoma, 
as demonstrated by established scientific evidence. RLIP anti-
sense has been extensively tested in several cancers, including 
cancers of the lung, breast, colon, kidney and prostate, as well 
as neuroblastoma (32–35,47,48). In these past studies, antisense-
induced depletion of RLIP specifically targeted tumor cells while 
sparing normal cells. In extensive animal experiments, RLIP 
antisense effectively induced tumor regression without causing 
any overt toxicity to normal organ tissues that could com-
promise function. The most remarkable side effects of RLIP de-
pletion were moderate hypoglycemia and hypolipidemia, which 
are both considered salutary in humans. Most importantly, mice 
treated with RLIP antisense and RLIP−/− mice are developmen-
tally normal, exhibiting normal weight gain without any deficits 
in activity (49–52). Thus, in addition to a strong mechanistic ra-
tionale supporting the development of RLIP antisense as a safe, 
effective and innovative therapeutic intervention for melanoma, 
further investigations into this approach are supported by a 
plethora of characteristics desirable an ideal anticancer drug.

In summary, our findings demonstrate that RLIP antisense 
inhibits JAK2 phosphorylation, resulting in the inhibition of 
constitutively activated STAT3 signaling. RLIP depletion in 
human melanoma cells induces apoptosis associated with the 
downregulation of Mcl-1 and Bcl2, two gene products down-
stream of STAT3. These results suggest that the anti-tumor 
activity of RLIP antisense is at least partially caused by the in-
hibition of JAK2/STAT3 signaling in human melanoma cells. 
Thus, these findings suggest a pharmacological mechanism 
of action of RLIP antisense in human cancer cells that has im-
portant implications for solid tumor treatment. In particular, 
RLIP antisense represents a promising lead compound for the 
development of new therapeutics for cancer treatment.

Significance
Currently, there are limited treatment options for malignant 
melanoma and no effective chemotherapeutic strategies that 
are safe, affordable and effective. The most innovative aspect of 
the current study is the use of rational and melanoma signaling-
specific experiments to investigate the mechanisms consequent 
to targeting RLIP with safe and well-characterized RLIP anti-
sense and RLIP antibodies. The clinical development of these 
agents is supported by strong preliminary evidence showing 
their strong anti-tumor effects against melanoma, while sparing 
normal cells, in both in vitro cell culture and in vivo mouse 

melanoma model studies. This systematic investigation into 
the melanoma-specific anticancer effects of RLIP depletion/in-
hibition will expand our understanding of the critical signaling 
nodes that regulate melanocyte transformation, survival and 
progression. In addition, this work has characterized and val-
idated the use of RLIP-targeting agents as a novel therapeutic 
approach to effectively control human malignant melanoma.

Conclusions
Melanoma is the sixth most common malignancy in the United 
States, and its rate of incidence is increasing. Fair-skinned and 
young individuals are at higher risker for developing melanoma. 
Of particular concern is the finding that individuals diagnosed 
with malignant skin lesions are relatively young, with a me-
dian age of 42  years (range  =  24–57  years). Current treatment 
options for advanced melanoma are not curative, and the 5-year 
mortality rate is 85%. Hence, the development of novel targeted 
therapies has assumed immense significance in translational 
melanoma research. In this regard, the novel RLIP antisense 
has demonstrated potent anti-melanoma activity both in vitro 
and in vivo, and the RLIP antisense-induced apoptosis of human 
melanoma cells was associated with reduced phosphorylation 
of JAKs and STAT3. Consistent with the inhibition of STAT3 
signaling, the expression of the anti-apoptotic protein Mcl-1 was 
downregulated. Hence, the further characterization and valid-
ation of the mechanistic basis of the anti-melanoma effects of 
RLIP antisense represent a promising avenue in melanoma drug 
development. The results of this study provide a sound scientific 
rationale for the development of new dosage formulations and 
clinical trials to evaluate the use of RLIP antisense to control 
human malignant melanoma. These future studies may, in turn, 
lead to new therapies that may be effective for patients whose 
melanoma has become refractory to current therapies, ultim-
ately reducing the suffering caused by this disease.

Highlights

	•	 RLIP antisense treatment reduced levels of RLIP, pSTAT3, 
pJAK2, pSrc, Mcl-1 and Bcl2, as well as CDK4 and cyclin B1, and 
increased levels of Bax and pAMPK.

	•	 Compounds that inhibit, deplete or downregulate RLIP will 
function as wide-spectrum agents to treat melanoma, inde-
pendent of common signaling pathway mutations.

	•	 This work has characterized and validated the use of RLIP-
targeting agents as a novel therapeutic approach to effectively 
control human malignant melanoma.

	•	 Overall, RLIP plays an essential role in melanoma progression.
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