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Simple Summary: The human antigen R (HuR) protein regulates the expression of hundreds of
proteins in a cell that support tumor growth, drug resistance, and metastases. HuR is overex-
pressed in several human cancers, including melanoma, and is a molecular target for cancer therapy.
Our study objective, therefore, was to develop HuR-targeted therapy for melanoma. We identi-
fied that HuR regulates the microphthalmia-associated transcription factor (MITF) that has been
implicated in both intrinsic and acquired drug resistance in melanoma and is a putative therapeutic
target in melanoma. Using a gene therapeutic approach, we demonstrated silencing of HuR reduced
MITF protein expression and inhibited the growth of melanoma cells but not normal melanocytes.
However, combining HuR-targeted therapy with a small molecule MEK inhibitor suppressed MITF
and produced a synergistic antitumor activity against melanoma cells. Our study results demonstrate
that HuR is a promising target for melanoma treatment and offers new combinatorial treatment
strategies for overriding MITF-mediated drug resistance.

Abstract: Background: Treatment of metastatic melanoma possesses challenges due to drug resistance
and metastases. Recent advances in targeted therapy and immunotherapy have shown clinical
benefits in melanoma patients with increased survival. However, a subset of patients who initially
respond to targeted therapy relapse and succumb to the disease. Therefore, efforts to identify
new therapeutic targets are underway. Due to its role in stabilizing several oncoproteins’ mRNA,
the human antigen R (HuR) has been shown as a promising molecular target for cancer therapy.
However, little is known about its potential role in melanoma treatment. Methods: In this study,
we tested the impact of siRNA-mediated gene silencing of HuR in human melanoma (MeWo,
A375) and normal melanocyte cells in vitro. Cells were treated with HuR siRNA encapsulated in a
lipid nanoparticle (NP) either alone or in combination with MEK inhibitor (U0126) and subjected
to cell viability, cell-cycle, apoptosis, Western blotting, and cell migration and invasion assays.
Cells that were untreated or treated with control siRNA-NP (C-NP) were included as controls. Results:
HuR-NP treatment significantly reduced the expression of HuR and HuR-regulated oncoproteins,
induced G1 cell cycle arrest, activated apoptosis signaling cascade, and mitigated melanoma cells’
aggressiveness while sparing normal melanocytes. Furthermore, we demonstrated that HuR-NP
treatment significantly reduced the expression of the microphthalmia-associated transcription factor
(MITF) in both MeWo and MITF-overexpressing MeWo cells (p < 0.05). Finally, combining HuR-NP
with U0126 resulted in synergistic antitumor activity against MeWo cells (p < 0.01). Conclusion:
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HuR-NP exhibited antitumor activity in melanoma cells independent of their oncogenic B-RAF
mutational status. Additionally, combinatorial therapy incorporating MEK inhibitor holds promise
in overriding MITF-mediated drug resistance in melanoma.

Keywords: melanoma; HuR; MITF; metastases; siRNA; targeted therapy; nanoparticles

1. Introduction

Melanoma is the most aggressive form of skin cancer and is associated with the high-
est mortality. An estimated 100,350 new melanoma cases (60,190 in men and 40,160 in
women) are expected to be diagnosed in 2020 in the United States, and roughly 8% of
these patients are expected to die of the disease [1]. The treatment option depends on
the stage of melanoma. Primary tumors and patients with limited loco-regional metas-
tases are resected. Advanced metastasized patients received systemic therapy with im-
munotherapy or targeted therapy. Targeted therapies for melanoma include small molecule
inhibitors towards B-RAFV600 and MEK kinases (e.g., Vemurafenib, Dabrafenib, Trametinib,
Cobimetinib and Binimetinib) that have been tested as monotherapy or combination treat-
ments [2–5]. B-RAFV600 mutation, which is very common among melanoma patients,
leads to constitutive activation of the mitogen-activated protein kinase (MAPK), leading to
the proliferation and growth of melanoma cells [6,7]. Despite the clinical efficacy of
B-RAFV600/MEK targeted inhibitors, a large subset of melanoma patients develop resis-
tance due to the reactivation of other elements of the MAPK or the PI3K pathway and
receptor tyrosine kinases (e.g., c-KIT) [8–11]. Therefore, a combination of B-RAFV600 and
PI3K inhibitors were tested, but the clinical trial (NCT01616199, NCT01512251) showed
no significant improvement of efficacy [12–14]. Although B-RAF/MEK combination ther-
apy strategies have shown improvement in therapeutic outcomes, the development of
acquired resistance is still a concern [15]. In addition to targeted therapy, immune therapy
has gained attention as a promising therapeutic strategy for metastatic melanoma [16].
Recent advancements in immunotherapy for melanoma include the blockade of immune
checkpoint proteins (ICPs), Programmed Death-1 (PD-1), Programmed Death-Ligand 1
(PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Disrupting the in-
teraction between the immune checkpoint proteins results in reactivating the immune
system and eliminating tumor growth [17–19]. Despite the success of immunotherapy,
obstacles still exist, including the inability to predict the treatment efficacy and develop-
ment of resistance as well as the occurrence of immune-related adverse events (irAEs).
Thus, challenges in effectively treating metastatic melanoma continue warranting testing
of inhibitors against new therapeutic targets.

HuR is an RNA binding protein encoded by the embryonic lethal, abnormal vision
like 1 (ELAVL1) gene located on chromosome 19p13.2 [20]. HuR protein binds the adeny-
late/uridylate (AU)- and U-rich elements (AREs) in the untranslated region (UTR) of
mRNAs [21]. HuR stabilizes and shuttles mRNAs from the nucleus to the cytoplasm where
they are translated. HuR has been shown to regulate the expression of many transcripts
whose products are oncoproteins [22]. Therefore, overexpression of HuR in many can-
cer types, including oral, colorectal, gastric, lung, breast, ovarian, renal, and melanoma,
has been identified and correlated with poor prognosis [23–29]. Consequently, HuR has
gained attention as a target for cancer therapy. In recent years, our lab and others have
demonstrated that the downregulation of HuR using small interfering RNA (siRNA) and
small molecule inhibitors results in a global knockdown of proteins involved in cancer
growth and metastases, consequently leading to suppression of tumor growth both in vitro
and in vivo [30–38]. However, the role of targeting HuR and the effect of its inhibition on
melanoma cell growth has not been reported.

In this study, we examined the inhibitory effect of human HuR-specific small inter-
fering RNA (HuR-siRNA) encapsulated in a lipid nanoparticle (NP) on HuR in human
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melanoma cell lines in vitro. Our study showed that inhibiting HuR reduced HuR-regulated
oncoproteins, including MITF, inhibited cell proliferation and cell cycle, diminished melanoma
cell’s migration and invasion, and culminated in apoptotic cell death. Additionally,
combinatorial therapy of HuR-NP and MEK1/2 inhibitor, U0126, produced synergis-
tic anticancer activity compared to individual treatments. In conclusion, HuR-targeted
monotherapy and combinatorial therapy with MEK1/2 inhibitor is a new approach for
melanoma treatment.

2. Materials and Methods
2.1. Cell Lines

Human melanoma cell lines (MeWo, A375, SK-MEL3, and WM39) and primary human
melanocytes were obtained from the American Type Culture Collection (ATCC, Rockville,
MD, USA). The cell lines were authenticated to be of human origin by single tandem repeat
assay (STR; IDEXX Bioresearch, Columbia, MO, USA). Melanoma cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM), and Minimum Essential Medium (MEM)
supplemented with 10% fetal bovine serum (FBS; Sigma Aldrich, St. Louis, MO, USA)
and 1% penicillin/streptomycin. Melanocytes (ATCC) were maintained in Dermal Cell
Basal Medium (DCBM) supplemented with Melanocyte Growth Kit (ATCC). The passage
number of the melanoma cell lines used in this study ranged from 4 to 35. The passage
number of melanocytes used in the study ranged from 3 to 8.

For generating MeWo-EGFP and MeWo-MITF cell line, MeWo cells seeded in six-well
plates were stably transfected with 2 µg of pEGFP × 2-N1 (Empty vector), and pEGFP-
N1-MITF-M plasmid (Addgene, Watertown, MA, USA) encapsulated in a cationic lipid
nanoparticle (NP). At 72 h after transfection, neomycin (G418; 400 µg/mL) (Sigma Aldrich)
was added to the cells and selected for fourteen days. The surviving cell colonies were
trypsinized, expanded, and maintained in neomycin (100 µg/mL) and used for experiments
presented in this study.

2.2. Synthesis and Preparation of siRNA Containing Nanoparticles

The lipid-based cationic DOTAP:cholesterol nanoparticles (NP) formulation that com-
prises cationic DOTAP:cholesterol was synthesized and characterized as previously de-
scribed [30,32,39–41]. The NPs were used to encapsulate human HuR-specific siRNA
(Dharmacon, Lafayette, CO, USA) and scrambled control siRNA as previously described [30,32]
and labeled as HuR-NP and C-NP, respectively, and used in the present study.

2.3. Cell Viability Assay

Trypan blue exclusion assay method was used to test the cytotoxic effect of HuR-siRNA
containing nanoparticles (HuR-NP) as previously described [30,32,41]. Briefly, cells (MeWo,
7 × 104 cells/well; A375, 1 × 105 cells/well; melanocytes, 2 × 105 cells/well) were seeded
in six-well plates and incubated overnight in a CO2 incubator at 37 ◦C. The following
day, the tissue culture medium from the plates was replaced with an appropriate fresh
serum-free culture medium and treated with nanoparticles (NP) containing HuR-specific
siRNA (100 nM; HuR-NP) or scrambled siRNA (100 nM; C-NP). At six hours after HuR-NP
and C-NP treatment, the culture medium was replaced with fresh 2% serum containing
culture medium, and incubation continued. At 24 h and 48 h after treatment, the cells
were harvested, and the number of viable cells in each treatment group was determined.
Cells that did not receive any treatment served as control. The results were expressed as
the percentage of viable cells over untreated control cells. The experiments were repeated
at least three separate times for reproducibility and were analyzed using appropriate
statistical methods.

For testing the inhibitory activity of HuR-NP treatment on MeWo-MITF cells, cells were
seeded in six-well plates and treated with HuR-NP and C-NP (100 nM siRNA). All other ex-
perimental conditions, including end-point analysis, were similar to those described above.
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For determining the combinatorial treatment effect of HuR-NP and MEK inhibitor
(U0126), MeWo or MeWo-MITF cells (7 × 104) seeded in six-well plates were treated
with DMSO, C-NP, HuR-NP (100 nM siRNA), U0126 (20 µM; Cell Signaling Technology
Inc., Beverly, MA, USA), C-NP plus U0126, and HuR-NP plus U0126. The treatment
protocol was as follows: cells were first treated with C-NP and HuR-NP for six-hours in
a serum-free culture medium. After six hours, the culture medium was replaced with a
2% FBS-containing culture medium, and U0126 was added. Cells were harvested at 24 h
and 48 h post-treatment and analyzed for cell viability by trypan blue assay and molecular
markers by Western blotting. The combination treatments’ synergistic inhibitory effect was
analyzed using SynergyFinder 1.0 tool [42].

2.4. Quantitative (q) RT-PCR Assay

Total RNA from HuR-NP- and C-NP-treated cells and untreated control cells were iso-
lated using Trizol reagent (Life Technologies, Grand Island, NY, USA), and the RNA quality
was determined using Denovix DS11 spectrophotometer. Complementary DNA (cDNA)
was synthesized from 1 µg RNA/sample using a QuantScript cDNA synthesis kit (Bio-Rad,
Richmond, CA, USA). An amount of 3 µg of synthesized cDNA, quantified using Denovix
DS11 spectrophotometer, was subjected to real-time quantitative reverse transcriptase
(qRT)-PCR (Bio-Rad CFX96™TouchReal-Time PCR Detection System; Richmond, CA, USA)
using the premix iQ SYBR green qRT-PCR kit (Bio-Rad) as previously described [30,41].
The oligonucleotide primers (Integrated DNA Technology, Coralville, IA, USA) and their
sequences for the amplification of HuR, BCL-2, and 18S RNA are shown below.

Human HuR
Forward—5′ATGAAGACCACATGGCCGAAGACT 3′

Reverse—5′ TGTGGTCATGAGTCCTTCCACGAT 3′

Human BCL-2
Forward—5′ ATG TGT GTG GAG AGC GTC AA 3′

Reverse—5′ ACA GTT CCA CAA AGG CAT CC 3′

Human 18S
Forward—5′ tagtagggacgggcggtgtg 3′

Reverse—5′ cagccacccgagattgagca 3′

The PCR cycling parameters and all other experimental conditions followed have
previously been described [41]. The cycle threshold (Ct) value assessed by qRT-PCR was
calculated for the transcripts and was normalized to a housekeeping gene. The changes in
mRNA expression levels were expressed as fold change relative to control. Each sample
was run in triplicate. The experiments were repeated at least three times for reproducibility
and subjected to statistical analysis.

2.5. Western Blotting

Total cell lysates prepared from treated and untreated cells were harvested at defined
time-points and subjected to Western blotting analysis as previously described [30,32,41].
Primary antibodies were purchased from commercial vendors and used for detecting
human HuR, p27, BCL-2, alpha-tubulin (Santa Cruz Biotechnology, Dallas, TX, USA),
cyclin D1, cyclin E1, HIF1-α, MITF, VEGF-A, Caspase-9, and PARP (Cell Signaling Tech-
nology Inc., Beverly, MA, USA) and beta-actin (Sigma Aldrich, St. Louis, MO, USA).
Protein bands were detected using appropriate horseradish peroxidase (HRP)-tagged
secondary antibodies (Santa Cruz Biotechnology) and an enhanced chemiluminescence
kit (Thermo Scientific, MA, USA). Protein expression levels were detected on a chemi-
luminescence imaging system (Syngene, Frederick, MD, USA), and the relative protein
expression compared to beta-actin or alpha-tubulin was quantified using Gene Tools soft-
ware (Syngene) as previously described [30,32,41]. Experiments were repeated at least three
separate times for reproducibility, and the data were analyzed for statistical significance.
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2.6. Cell Cycle Analysis

Melanoma cells (MeWo, 4 × 104 cells/well, and A375, 6 × 104 cells/well) and
melanocytes (2 × 105 cells/well) seeded in six-well plates were treated with HuR-NP
and C-NP (100 nM siRNA). At 24 h and 48 h after treatment, the cells were harvested and
washed with PBS, then fixed in absolute ice-cold ethanol for 30 min, followed by washing
2 times with PBS. Fixed cells were then resuspended in cell staining buffer (Invitrogen,
Carlsbad, CA, USA) at a concentration of 2 × 105 cells/mL, and 100 µL of the cell suspen-
sion was incubated with 1 µL of 100 µg/mL propidium iodide (PI) (Invitrogen, Carlsbad,
CA, USA) for 15 min at room temperature. The final washing was performed with PBS to
wash out the unbound PI. Cells were subsequently subjected to flow cytometric analysis,
as previously described [30,31]. Cells not receiving any treatment served as untreated
controls. Experiments were conducted at least three separate times for melanoma cells and
two times for melanocytes and subjected to statistical analysis. The data represented are
the averages of two experiments.

2.7. Annexin V Assay

Cells seeded in six-well plates (MeWo, 4× 104 cells/well, and A375, 6× 104 cells/well)
were treated with HuR-NP and C-NP (100 nM siRNA). At 24 h and 48 h after treatment,
cells were harvested and stained with annexin V conjugated to fluorescein isothiocyanate
(FITC) and propidium iodide (PI) using a dead cell apoptosis kit (Invitrogen) according
to the manufacturer’s protocol. Briefly, harvested cells were suspended in annexin V
binding buffer at a concentration of 2 × 105 cells/mL, and 100 µL of the cell suspension
was incubated with 5 µL of annexin V FITC and 1 µL of 100 µg/mL PI for 15 min of
at room temperature. At the end of the incubation, the cells were processed and sub-
jected to flow cytometric analysis (FACSCaliburTM; BD Biosciences, Bedford, MA, USA).
The number of viable (annexin V- and PI-negative), early apoptotic (annexin V-positive
and PI-negative), and dead (annexin V- and PI-positive) cells was determined at excitation
488 nm and emission 530 nm using the Cell Quest software (FACSCaliburTM; BD Bio-
sciences). Cisplatin (CDDP; 1 µg)-treated cells served as a positive control, and the cells
receiving no treatment served as a negative control. The results were plotted as the percent-
age of cells undergoing apoptosis. Experiments were repeated three times and subjected to
statistical analysis.

2.8. Cell Migration and Invasion Assay

Cell migration was carried out as previously described [32,43]. Briefly, MeWo cells
(3 × 104) were seeded in the upper chamber of 8 µm transwell (BD Biosciences) and placed
in individual wells of a six-well plate filled with 1 mL of serum-free RPMI-1640 medium.
At 24 h after seeding, the cells in the upper chamber were transfected with HuR-NP
and C-NP (100 nM siRNA) in a serum-free medium. After 6 h of transfection, the upper
and lower chambers’ medium was replaced with 2% and 20% serum-containing media,
respectively. Incubation was continued, and the experiment was terminated at 24 h and 48 h
after transfection, at which time the inserts were removed and stained with crystal violet
(Sigma Aldrich). The number of cells migrated to the lower chamber was counted using an
inverted bright-field microscope, and the results were expressed as an average number of
migrated cells per microscopic field and subjected to statistical analysis. The experiment
was performed at least two separate times to ensure reproducibility.

Cell invasion assay was performed using Matrigel-coated 8 µm transwell chambers
(BD Biosciences) as previously described. All of the experimental conditions and parame-
ters followed were the same as described above for the cell migration assay. The number of
invading cells to the lower chamber was counted using an inverted bright-field microscope,
and the results were expressed as an average number of invaded cells per microscopic field
and subjected to statistical analysis. The experiment was performed at least two separate
times to ensure reproducibility.
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2.9. Statistics

The study results were subjected to statistical analysis using SAS 9.4 statistical analysis
software. Continuous outcome variables are summarized with means and standard devia-
tions. One-way ANOVA model with Tukey’s adjusted p-values was used to assess all pair-
wise comparisons. Adjusted p-values less than 0.05 were considered statistically significant.

3. Results
3.1. Genetic Knockdown of HuR Inhibited Cell Growth in Melanoma

To validate HuR as a potential target for melanoma therapy, we first examined the
expression pattern of HuR in a panel of human melanoma cell lines (A375.S2, WM39,
SK-MEL-3, OCM-1, A375, WM1316A, OMM2.3, and MeWo) and primary normal human
melanocytes. Our data revealed high HuR expression in all the melanoma cell lines exam-
ined and were independent of the B-RAF mutation status compared to HuR expression in
melanocytes (Figure S1). For all of the remaining studies, we selected MeWo (B-RAFwt)
and A375 (B-RAFV600E) as representative cell lines for melanoma and used melanocytes
as control. Genetic knockdown of HuR using HuR-NP resulted in the attenuation of HuR
mRNA in both MeWo and A375 cell lines at 24 h and 48 h (Figure 1A; p < 0.05).
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In melanocytes, HuR mRNA was also reduced upon HuR-NP treatment compared
to C-NP and untreated control cells. However, the mRNA reduction in HuR-NP-treated
melanocytes was markedly less compared to HuR-NP-treated melanoma cells. Next,
we tested the inhibitory effect of HuR-NP treatment on the cell viability of melanoma cells
and melanocytes. HuR-NP-treated MeWo cells showed approximately 25% and 45% inhibi-
tion at 24 h and 48 h, respectively, compared to C-NP-treated and untreated control cells
(Figure 1B; p < 0.05). Similarly, HuR-NP treatment of A375 reduced cell viability up to 17%
and 28% at 24 h and 48 h, respectively, compared to C-NP and untreated control (p < 0.05).
To ensure the efficacy of HuR-NP is not limited to two melanoma (MeWo and A375) cell
lines, cell viability was also evaluated in HuR-NP-treated SK-MEL-3 and WM39 melanoma
cell lines. As shown in Figure S2, HuR-NP treatment significantly reduced SK-MEL-3
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and WM39 cell viability at both 24 h and 48 h compared to C-NP-treated and untreated
control cells. On the other hand, the treatment of melanocytes with HuR-NP exhibited a
6% and 10% reduction in cell viability at 24 h and 48 h, respectively, compared to C-NP and
untreated controls (Figure 1B; p > 0.05). These results indicated that HuR-NP treatment,
albeit reducing HuR mRNA in both melanoma cells and melanocytes, exerted selective
and greater inhibitory activity on melanoma cell growth than in melanocytes.

3.2. Genetic Knockdown of HuR Using HuR-NP Reduced the Expression of HuR and
HuR-Regulated Oncoproteins in Melanoma Cell Lines but Not in Melanocytes

HuR is known to stabilize many transcripts whose products are oncoproteins. To de-
termine the role of HuR-NP treatment on the HuR target-oncoproteins, total cell lysates
prepared from melanoma (MeWo, A375) cells and melanocytes receiving various treatments
were examined by Western blot analysis. HuR-NP treatment significantly diminished pro-
tein expression of HuR, Cyclin D1, Cyclin E1, BCL-2, HIF1-α, VEGEF-A, and an increased
expression of p27 at both 24 h and 48 h in melanoma cell lines (Figure 2 and Figure S3;
p < 0.05). A similar observation of HuR silencing, resulting in BCL-2 reduction, was ob-
served in SK-MEL-3 and WM39 melanoma cell lines (Figure S2).
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or HuR-NP. Untreated cells served as control. β-actin and α-tubulin were used as loading controls.

We did not analyze for additional protein markers in SK-MEL-3 and WM39 melanoma
cells that were examined in MeWo and A375 cells. Intriguingly, although HuR-NP treat-
ment reduced HuR protein in melanocytes, no significant reduction in the expression of
Cyclin E1, Cyclin D1, and p27 was observed (Figure 2 and Figure S3). The molecular
mechanism for the observed differences in HuR-mediated downregulation of its targets
between melanoma cell lines and melanocytes is unclear and warrants further investiga-
tion. Together, these results indicated that melanoma cell lines independent of the B-RAF
mutational status were highly sensitive and responded to HuR-NP treatment compared
to melanocytes.

3.3. Genetic Knockdown of HuR Induced G1 Cell Cycle Arrest in Melanoma

Since HuR knockdown reduced cyclin D1 and cyclin E1 and concomitantly increased
the expression of p27, we evaluated the cell cycle profile of melanoma (MeWo and A375)
and melanocytes with and without the HuR-NP exposure. Our results demonstrated that
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HuR-NP treatment significantly enriched the MeWo and A375 melanoma cells in the G1
phase of the cell cycle compared to C-NP-treated and untreated control cells (Figure 3).
In HuR-NP-treated MeWo cells, an increase of 9% and 11% of cells in the G1 phase was
observed at 24 and 48 h, respectively, compared to untreated and C-NP-treated cells
(p < 0.05). In A375, about 5% and 8% increase in the number of cells in the G1 phase at
24 h and 48 h, respectively, was observed upon HuR-NP treatment compared to untreated
and C-NP-treated cells (p < 0.05). However, HuR-NP did not alter the cell cycle phases
in melanocytes at 24 h and 48 h after treatment. Our results revealed that the HuR-NP
treatment selectively induced a G1 phase cell-cycle arrest in melanoma cells but not in
melanocytes and concurred with previous results reported for other solid tumors [30,31,44].
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3.4. Genetic Knockdown of HuR in Melanoma Cells Activated the Apoptosis Cascade

To establish whether the reduction in anti-apoptotic protein BCL-2 in the HuR-NP-
treated melanoma cells resulted in apoptosis, Western blot analysis for apoptotic pro-
teins was performed. Cleavage of caspase-9, an indicator of activation of the caspase
cascade, was greatly increased in both MeWo and A375 melanoma cells treated with
HuR-NP compared to C-NP-treated and untreated control cells (Figure 4A and Figure S4).
Accompanied by caspase 9 activation was the cleavage of its substrate, PARP. No signifi-
cant activation of caspase-9 and PARP cleavage was observed in melanocytes following
treatment with HuR-NP compared to HuR-NP-treated MeWo cells (Figure S5A,B).

Correlating with caspase activation in the melanoma cells was a significant increase
in annexin-V-positive staining in HuR-NP-treated MeWo cells at 24 h (16% increase over
controls) and 48 h (12% increase over controls), respectively, compared to C-NP-treated
and untreated cells (Figure 4B; p < 0.05). In A375 cells, HuR-NP-treated cells showed a 25%
and 33% increase in annexin-V-positive staining over controls at the two time-points tested
(Figure 4B; p < 0.05). Cisplatin (CDDP; 10 µg)-treated cells were used as a positive control
in the annexin V assay. The ability of HuR-NP treatment inducing apoptosis in melanoma
cells but not in melanocytes is in agreement with prior reports showing HuR inhibition in
tumor cells but not in normal cells results in apoptotic cell death [30,31,44].
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3.5. Genetic Knockdown of HuR Inhibited Melanoma Cell Migration and Invasion

Migration and invasion are critical events in tumor metastases [45,46]. Previous stud-
ies have shown that HuR inhibition reduced tumor cell migration and invasion [30–32].
Therefore, we investigated the HuR-NP inhibitory effect on melanoma migration and inva-
sion. HuR-NP treatment significantly reduced the number of migrated MeWo cells by 55%
and 65% over C-NP-treated and untreated control cells at 24 h and 48 h, respectively (Figure 5A;
p < 0.05). Similarly, testing the HuR-NP inhibitory effect on tumor cell invasion showed a
significant reduction in the invasive ability of HuR-NP-treated MeWo cells by 46% and 60%
over untreated and C-NP-treated cells at 24 h and 48 h, respectively (Figure 5B; p < 0.05).

3.6. HuR Inhibition Reduced MITF in Melanoma Cells

Studies have shown that MITF plays an important role in melanoma metastases and
contributes to drug resistance [47–50]. Since HuR-NP treatment decreased cell invasion
and migration, we investigated if HuR-NP treatment impacted MITF. Using gene sequence
analysis, we analyzed for HuR-binding sites on MITF. As shown in Figure 6A, several HuR
binding motifs were identified in the 3′ untranslated region (UTR) and coding sequence
(CDS) of the MITF gene using the RBP map (https://rbmap.technion.ac.il) [51] and WebL-
ogo (https://weblogo.berkeley.edu) [52]. Next, alterations in the expression levels of MITF
mRNA and its downstream target, BCL-2, were assessed in HuR-NP-treated cells compared
to untreated and C-NP-treated cells. A significant reduction in the mRNA expression of

https://rbmap.technion.ac.il
https://weblogo.berkeley.edu
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HuR, MITF, and BCL-2 was observed in HuR-NP-treated MeWo and A375 cells compared
to their respective controls at the two time-points tested (Figure 6B; p < 0.05).
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untranslated regions (UTRs), and coding sequence (CDS), were scouted for HuR binding site. Multiple HuR binding sites
were observed along the MITF gene. The conserved sequence search indicates HuR binding motif (5′NNUUNNUUU3′)
conserved across the MITF gene sequence. RBPmap (http://rbpmap.technion.ac.il/) [51] and WebLogo (https://weblogo.
berkeley.edu/) [52] available in the public domain as open resource tools were used for the analysis. The HuR-MITF
binding was validated by (B), qRT-PCR, and (C), Western blot analysis in C-NP, and HuR-NP-treated MeWo and A375
melanoma cells. Untreated cells served as controls for each cell line. BCL-2 was assessed as positive control and downstream
transcriptional target of MITF. 18S forward and reverse primers, and alpha α-Tubulin were used as internal controls in
qRT-PCR and Western blotting, respectively. Error bar denotes SD; ** p < 0.01.
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In accordance with the mRNA data, we observed a significant reduction in HuR,
MITF, and BCL-2 protein expression levels in HuR-NP-treated MeWo and A375 cells at
24 h and 48 h compared to untreated and C-NP-treated cells (Figure 6C and Figure S6;
p < 0.05). HuR-NP treatment of melanocytes showed no reduction in MITF compared to
the untreated and C-NP-treated cells (Figure S7). To ensure consistency in our study results,
MeWo cells receiving treatments identical to melanocytes were evaluated for MITF. HuR-
NP treatment reduced MITF compared to untreated and C-NP-treated cells (Figure S7)
and concurred with our data shown in Figure 6. Finally, immunostaining of a panel of
human melanoma cell lines showed robust expression of MITF and HuR, albeit at varying
levels for the two proteins in the cell lines (Figure S8). These results show that MITF is
a molecular target of HuR and that inhibiting HuR concomitantly reduces MITF and its
downstream BCL-2 expression. Furthermore, the MITF reduction in HuR-NP-treated cells
likely contributes to the diminished cell migration and invasion observed in Figure 5.

3.7. HuR-NP Reduces U0126 Induced MITF in Melanoma Cells

Studies have shown that inhibiting the mitogen-activated protein kinase (MAPK)
signaling pathway is beneficial in melanoma treatment [53–55]. Clinical studies testing
inhibitors targeting MEK1/2, such as Trametinib alone and in combination with B-RAF
inhibitor, Dabrafenib, have demonstrated clinical benefit in melanoma patients [56,57].
However, in the majority of the patients, the disease recurs and exhibits treatment resistance.
Furthermore, high MITF expression in melanoma contributes to resistance towards MAPK
inhibitors [58–60]. Based on these reports, we investigated whether incorporating HuR-NP
with MEK1/2 inhibitor (U0126) will demonstrate improved efficacy.

Prior to conducting combinatorial efficacy studies, optimization studies testing differ-
ent concentrations of U0126 (10 µM, 20 µM, and 30 µM) were performed and evaluated for
cytotoxicity as well as MEK1/2 inhibition. Treatment of MeWo cells with U0126 resulted in
a dose-dependent reduction in cell viability at 24 h and 48 h compared to DMSO-treated
control cells (Figure S9; p < 0.05). Molecular analysis showed U0126 treatment while
reducing phosphorylated (p)-MEK1/2Ser217/221 significantly increased MITF expression in
a dose-dependent manner at 24 h and 48 h (Figure S9; p < 0.05).

Next, we investigated whether HuR-NP treatment could override U0126-treatment-
induced MITF and exhibit increased efficacy. MeWo cells treated with HuR-NP showed sig-
nificant inhibition of cell viability and marked reduction in MITF and p-MEK1/2Ser217/221

expression compared to DMSO- and C-NP-treated cells (Figure 7 and Figure S10; p < 0.05).
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However, a synergistic effect in reducing cell viability and reduction in MITF and
p-MEK1/2Ser217/221 expression was observed when HuR-NP was combined with U0126
compared to all other treatment groups (Figure 7 and Figure S10; p < 0.05). C-NP, in com-
bination with U0126, produced an inhibitory effect akin to that observed with HuR-NP
treatment alone but less than that with the combination treatment of HuR-NP and U0126.
Another important observation was that the increased MITF expression observed in C-NP
and U0126 combination treatment and attributed to U0126 was almost completely elim-
inated in HuR-NP and U0126 combination treatment, especially at 48 h after treatment
(Figure 7 and Figure S10; p < 0.05). Our study results showed the HuR-NP suppressed
U0126 induced MITF and produced enhanced antitumor activity in the melanoma cell line.

3.8. HuR-NP Suppresses the Cell Viability of MITF Overexpressing Melanoma Cell Line

Since our results showed HuR-NP treatment alone reduced MITF and U0126 in-
duced MITF, we investigated whether HuR-NP can suppress MITF when overexpressed in
melanoma cells analogous to that seen in melanoma patients. For this purpose, we first
generated MITF- and GFP-overexpressing MeWo cell lines and labeled them as MeWo-
MITF-M and MeWo-GFP, respectively. The two cell lines were characterized for cell viabil-
ity, MITF, and MITF-regulated downstream markers (Figure S11). MITF overexpression
increased MeWo-MITF-M cell number indicative of MITF’s ability to support cell prolifer-
ation compared to MeWo-GFP cells and parental MeWo cells (Figure S11). Furthermore,
MITF overexpression greatly increased BCL-2 and HIF1-α expression in MeWo-MITF-M
cells (Figure S11), both of which are downstream transcriptional targets of MITF [61,62].

Next, we tested HuR-NP’s ability to reduce the viability of MeWo-MITF-M cells and
suppress MITF and its downstream targets. As shown in Figure 8, HuR-NP treatment
significantly reduced MeWo-MITF-M cell viability compared to controls and was compa-
rable to the HuR-NP inhibitory effect on MeWo-GFP cells at the two time-points tested
(p < 0.05). Molecular analysis revealed HuR-NP unequivocally and effectively reduced
MITF and BCL-2 in both MeWo-GFP and MeWo-MITF-M cells compared to their untreated
and C-NP-treated control cells at 24 h after treatment (Figure 8 and Figure S12).
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Finally, we examined the combinatorial therapeutic efficacy of HuR-NP and U0126
on MeWo-MITF-M cells compared to individual treatments. HuR-NP and U0126 combi-
nation treatment produced a significant and greater inhibitory effect on MeWo-MITF-M
cell viability with approximately 64% reduction at 24 h and 86% reduction at 48 h after
treatment compared to all other treatment groups (Figure 9). The inhibitory effect on cell
viability produced by U0126 treatment (46% inhibition) and C-NP and U0126 combination
treatment (44% inhibition) was equivalent to the inhibitory effect produced by HuR-NP
treatment alone (46% inhibition) at 48 h compared to DMSO-treated control cells (Figure 9).
Molecular studies showed HuR-NP and U0126 combination treatment produced the great-
est reduction in HuR, p-MEK1/2Ser217/221, BCL-2 protein expression, and most importantly,
almost completely eliminated MITF expression in MeWo-MITF-M cells compared to all
other treatment groups (Figure 9 and Figure S13). These results demonstrate the effective-
ness of combining HuR-NP with MEK inhibitors to overriding the oncogenic effects of
MITF and potentially mitigating MITF-mediated resistance in melanoma (Figure S13).
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Figure 9. HuR-NP and U0126 combinatorial treatment produce enhanced antitumor activity in MeWo-MITF-M cells.
Cells were treated with C-NP and HuR-NP in the presence or absence of U0126 and assessed for cell viability by trypan
blue exclusion assay. DMSO-treated cells served as controls. Changes in molecular markers after treatment were examined
by Western blotting assay. Combination treatment of HuR-NP and U0126 showed the greatest antitumor activity and
maximum reduction in MITF. Reduction in p-MEK1/2Ser 217/221, total MEK1/2, and BCL-2 observed in HuR-NP, and U0126
combination treatment was comparable to the reduction in these proteins in cells treated with C-NP plus U0126 and U0126
alone. Error bar denotes SD; ** p < 0.01.

4. Discussion

Tremendous efforts to improve treatment outcomes for melanoma patients have
met with limited success until the recent development of immunotherapy. However,
limitations continue to exist with immunotherapy, and reports of resistance to immunother-
apy and disease recurrence are emerging [63–65]. Enthusiasm for targeted therapies,
especially towards B-RAF inhibitors (Vemurafenib, Dabrafenib) for melanoma treatment,
continue to persist, and several combinatorial treatments incorporating MAPK inhibitors
(Trametinib, Cobimetinib) are being pursued [66,67]. While co-targeting B-RAF and
MEK1/2 have shown to improve treatment response and provide clinical benefit, the man-
ifestation of treatment-related acquired resistance continues to evolve [49]. Therefore,
efforts to develop and test improved therapies for melanoma are in pursuit.
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This study established the benefit of targeting human antigen R, HuR, in melanoma.
Studies have shown that HuR is a molecular target for therapy [22,27,68,69], and inhibit-
ing HuR resulted in antitumor and antimetastatic activity [30,31]. No studies, however,
have evaluated the effect of targeting HuR on melanoma cell growth and metastases.
Activating B-RAF mutations are common and occur in approximately 50% of cutaneous
melanomas [5,14]. However, our results clearly demonstrated that HuR overexpression
occurred independent of B-RAF mutation status in melanoma cell lines compared to
melanocytes. This observation encouraged us to investigate targeting HuR in melanoma.
Therefore, we tested the genetic inhibition of HuR using HuR-specific siRNA containing
nanoparticles (HuR-NP) in two melanoma cell lines differing in their B-RAF status (MeWo,
B-RAFwt, and A375, B-RAFV600E). HuR-NP inhibited cell proliferation of both the cell
lines independent of their B-RAF status. Molecular studies demonstrated that HuR-NP
significantly reduced HuR mRNA and protein. Furthermore, HuR-NP attenuated HuR-
regulated oncoproteins in both melanoma cell lines. HuR-NP-mediated inhibition led to a
G1 phase cell cycle arrest that subsequently led to apoptotic cell death, as evidenced by the
activation of the caspase cascade. While our results concurred with other studies that used
different tumor models, it is also suggested that HuR-NP could be an attractive target for
melanoma therapy independent of oncogenic B-RAF mutation status. Considering the role
of HuR in metastases, we tested the impact of HuR-NP on an invasive MeWo melanoma
cell line. Interestingly, HuR diminished the migratory and invasive ability of MeWo cells.
Most importantly, our results showed that HuR-NP exerted selective cytotoxicity towards
melanoma cells but not towards normal melanocytes, a feature that is preferred in having
effective cancer treatment.

Next, we investigated whether the inhibitory effect on melanoma migration and
invasion following HuR-NP treatment could partly be due to MITF. MITF has been re-
ported to contribute to melanoma cell survival, cell migration and invasion, drug resis-
tance, and metastases [49,70–72]. To our surprise, a marked reduction in MITF and MITF-
regulated BCL-2 and HIF-1α proteins was observed upon silencing of HuR. The ability of
HuR to suppress MITF at both the mRNA and protein levels is an interesting observation
that is hitherto not reported. Based on this initial observation of HuR-NP reducing MITF,
we conducted combinatorial studies using U0126, a MEK1/2 inhibitor, to emulate clinical
studies conducted for treating melanoma patients. Use of MEK1/2 inhibitors such as Tram-
etinib, either alone or in combination with B-RAF inhibitor, Dabrafenib, while showing
initial clinical benefit, has failed to demonstrate long-term efficacy due to disease recur-
rence and drug resistance. Furthermore, the expression of MITF has been reported to play
a role in the failure of MEK1/2-targeted therapy [50,73,74]. In fact, our in vitro results
showed HuR-NP treatment markedly reduced MITF, MEK1/2, and p-MEK1/2Ser217/221

proteins, which concurred with previous study results that showed MEK1 mRNA as a HuR
mRNA-target in intestinal epithelial cells [75]. Therefore, we speculated that incorporat-
ing U0126 into HuR-NP treatment will result in enhanced antitumor activity. We clearly
and convincingly demonstrated that HuR-NP plus U0126 treatment in MeWo cells abol-
ished MITF-induced MEK1/2 expression; suppressed MEK1/2 inhibitor-induced MITF;
and overrides the anti-apoptotic effects of MITF in MITF overexpressing MeWo cells re-
sulting in synergistic antitumor activity. Based on our study results, it is interesting to
speculate that the combinatorial treatment of HuR-NP and U0126 will be very effective
against melanoma cells that have developed acquired resistance to B-RAF/MEK inhibitors.
However, the authors have not conducted this experiment as it was beyond the scope
of the study but plan to test it in the future. Additionally, the study is limited to in vitro
observations that need to be validated in in vivo melanoma models prior to advancing to
clinical translation.

It is to be noted that while our study demonstrated the therapeutic benefits of HuR-
targeted therapy for melanoma, several questions remain unanswered. For example,
Slominski et al. reported melanogenesis regulated HIF-1α and HIF-1α-regulated target
genes are involved in angiogenesis and cellular metabolism [76]. Similarly, the involve-
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ment of cyclic adenosine monophosphate (cAMP) and response binding protein element
(CREB) in MITF activation and subsequent upregulation of melanogenesis-regulated gene
coding for tyrosinase has been reported [77,78]. Since our study showed a link between
HuR and MITF and that HuR is known to regulate HIF-1α and HIF-1α-regulated target
genes such as VEGF, it will be of interest to investigate the role of HuR in melanogenesis
and melanogenesis regulated tyrosinase in melanoma. A cross talk between MAPK and
melanogenetic pathways are also strongly interconnected [79]. However, the exact role of
HuR in regulating the MAPK pathway and its implications in melanogenesis is unknown.
Finally, little to none is known about HuR expression and its role in uveal melanoma (UM).
Interestingly, unlike cutaneous melanoma, UM is characterized by a very low mutational
burden. In addition, B-RAF and N-RAS are rarely mutated, instead GNAQ or GNA11
mutations are frequently detected and known to activate the MAPK pathway also [80,81].
Hence, targeting HuR might be a treatment option in UM. However, laboratory studies
on this are pending to date. Together, the results from the present study highlight the
importance of targeting HuR in melanoma and concomitantly opening new avenues for
investigating HuR in melanogenesis and UM.

5. Conclusions

We have established proof-of-concept and shown that targeting HuR represents a
promising therapeutic option for melanoma treatment with or without oncogenic B-RAF
mutation. Furthermore, inhibiting HuR offered the additional advantage of reducing MITF
expression in melanoma cells, and combinatorial therapy targeting HuR and MEK1/2
produced synergistic antitumor activity. These results support additional combinatorial
testing of HuR-targeted therapeutics in combination with B-RAF and MEK1/2 inhibitors
for melanoma both in vitro and in vivo.
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C-NP and HuR-NP-treated MeWo and A375 melanoma cells detected by Western blot analysis at
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Author Contributions: R.A., R.M., A.S., S.E.,Y.D.Z., A.M. and R.R. conceptualized and designed the
experiments; R.A., R.M. and A.S. conducted the experiments and acquired and assembled study
results; R.A., A.S., A.M. and R.R. wrote the original manuscript draft; R.A., A.S., S.E., S.E.J., Y.D.Z.,
A.M., and R.R. reviewed and edited the manuscript; R.A., R.R., S.E.J. and Y.D.Z. analyzed the data

https://www.mdpi.com/2072-6694/13/2/166/s1
https://www.mdpi.com/2072-6694/13/2/166/s1


Cancers 2021, 13, 166 16 of 19

and applied statistical methods; R.A., A.S., A.M. and R.R. funding acquisition; R.R. supervised the
project. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health: R01 CA167516; National In-
stitute of General Medical Sciences: P20 GM103639; National Cancer Institute: P30CA225520.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: This study was supported by grants received from the National Institutes of
Health (NIH), (R01 CA167516); from the National Institute of General Medical Sciences (P20 GM103639)
of the National Institutes of Health; a Pilot Grant, Seed Grant, and Student Trainee Grant funded by
the National Cancer Institute Cancer Center Support Grant P30CA225520 awarded to the University
of Oklahoma Stephenson Cancer Center; funds received from the Presbyterian Health Foundation
(PHF) Seed Grant, Presbyterian Health Foundation Bridge Grant, Oklahoma Tobacco Settlement
Endowment Trust (TSET) awarded to the University of Oklahoma Stephenson Cancer Center, and the
Jim and Christy Everest Endowed Chair in Cancer Developmental Therapeutics. The content is solely
the responsibility of the authors. The opinions, interpretations, conclusions, and recommendations
are those of the author and not necessarily endorsed by or representative of the official views by the
NIH, TSET, or PHF. Rajagopal Ramesh is an Oklahoma TSET Research Scholar and holds the Jim and
Christy Everest Endowed Chair in Cancer Developmental Therapeutics.

Conflicts of Interest: The authors report no conflicts of interest in this work.

References
1. Wyant, T.; Alteri, R.; Kalidas, M.; Ogoro, C.; Lubejko, B.; Eidsmoe, K.; McDowell, S.; Greene, B.; Delfin-Davis, R.; Cance, G.W.; et al.

Melanoma Skin Cancer Causes, RiskFactors, and Prevention. American Cancer Society. 2020. Available online: https://www.
cancer.org/content/dam/CRC/PDF/Public/8824.00.pdf (accessed on 20 October 2020).

2. Kakavand, H.; Wilmott, J.S.; Long, G.V.; Scolyer, R.A. Targeted therapies and immune checkpoint inhibitors in the treatment of
metastatic melanoma patients: A guide and update for pathologists. Pathology 2016, 48, 194–202. [CrossRef]

3. Wong, D.J.; Ribas, A. Targeted Therapy for Melanoma. Cancer Treat. Res. 2016, 167, 251–262. [CrossRef]
4. Kee, D.; McArthur, G. Targeted therapies for cutaneous melanoma. Hematol. Oncol. Clin. N. Am. 2014, 28, 491–505. [CrossRef]

[PubMed]
5. Manzano, J.L.; Layos, L.; Buges, C.; de Los Llanos Gil, M.; Vila, L.; Martinez-Balibrea, E.; Martinez-Cardus, A. Resistant mecha-

nisms to BRAF inhibitors in melanoma. Ann. Transl. Med. 2016, 4, 237. [CrossRef] [PubMed]
6. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al.

Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949–954. [CrossRef] [PubMed]
7. Wellbrock, C.; Ogilvie, L.; Hedley, D.; Karasarides, M.; Martin, J.; Niculescu-Duvaz, D.; Springer, C.J.; Marais, R. V599EB-RAF is

an oncogene in melanocytes. Cancer Res. 2004, 64, 2338–2342. [CrossRef] [PubMed]
8. Carvajal, R.D.; Antonescu, C.R.; Wolchok, J.D.; Chapman, P.B.; Roman, R.A.; Teitcher, J.; Panageas, K.S.; Busam, K.J.; Chmielowski,

B.; Lutzky, J.; et al. KIT as a therapeutic target in metastatic melanoma. JAMA 2011, 305, 2327–2334. [CrossRef]
9. Hodi, F.S.; Friedlander, P.; Corless, C.L.; Heinrich, M.C.; Mac Rae, S.; Kruse, A.; Jagannathan, J.; Van den Abbeele, A.D.; Velazquez,

E.F.; Demetri, G.D.; et al. Major response to imatinib mesylate in KIT-mutated melanoma. J. Clin. Oncol. 2008, 26, 2046–2051.
[CrossRef]

10. Carvajal, R.D.; Hamid, O.; Antonescu, C.R. Selecting patients for KIT inhibition in melanoma. Methods Mol. Biol. 2014,
1102, 137–162. [CrossRef]

11. Woodman, S.E.; Trent, J.C.; Stemke-Hale, K.; Lazar, A.J.; Pricl, S.; Pavan, G.M.; Fermeglia, M.; Gopal, Y.N.; Yang, D.;
Podoloff, D.A.; et al. Activity of dasatinib against L576P KIT mutant melanoma: Molecular, cellular, and clinical correlates.
Mol. Cancer Ther. 2009, 8, 2079–2085. [CrossRef]

12. Busca, R.; Bertolotto, C.; Ortonne, J.P.; Ballotti, R. Inhibition of the phosphatidylinositol 3-kinase/p70(S6)-kinase pathway induces
B16 melanoma cell differentiation. J. Biol. Chem. 1996, 271, 31824–31830. [CrossRef] [PubMed]

13. Trojaniello, C.; Festino, L.; Vanella, V.; Ascierto, P.A. Encorafenib in combination with binimetinib for unresectable or metastatic
melanoma with BRAF mutations. Expert. Rev. Clin. Pharmacol. 2019, 12, 259–266. [CrossRef] [PubMed]

14. Spagnolo, F.; Ghiorzo, P.; Orgiano, L.; Pastorino, L.; Picasso, V.; Tornari, E.; Ottaviano, V.; Queirolo, P. BRAF-mutant melanoma:
Treatment approaches, resistance mechanisms, and diagnostic strategies. Onco Targets Ther. 2015, 8, 157–168. [CrossRef]

15. Simeone, E.; Grimaldi, A.M.; Festino, L.; Vanella, V.; Palla, M.; Ascierto, P.A. Combination Treatment of Patients with BRAF-
Mutant Melanoma: A New Standard of Care. BioDrugs 2017, 31, 51–61. [CrossRef] [PubMed]

16. Achkar, T.; Tarhini, A.A. The use of immunotherapy in the treatment of melanoma. J. Hematol. Oncol. 2017, 10, 88. [CrossRef]

https://www.cancer.org/content/dam/CRC/PDF/Public/8824.00.pdf
https://www.cancer.org/content/dam/CRC/PDF/Public/8824.00.pdf
http://doi.org/10.1016/j.pathol.2015.12.010
http://doi.org/10.1007/978-3-319-22539-5_10
http://doi.org/10.1016/j.hoc.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24880943
http://doi.org/10.21037/atm.2016.06.07
http://www.ncbi.nlm.nih.gov/pubmed/27429963
http://doi.org/10.1038/nature00766
http://www.ncbi.nlm.nih.gov/pubmed/12068308
http://doi.org/10.1158/0008-5472.CAN-03-3433
http://www.ncbi.nlm.nih.gov/pubmed/15059882
http://doi.org/10.1001/jama.2011.746
http://doi.org/10.1200/JCO.2007.14.0707
http://doi.org/10.1007/978-1-62703-727-3_9
http://doi.org/10.1158/1535-7163.MCT-09-0459
http://doi.org/10.1074/jbc.271.50.31824
http://www.ncbi.nlm.nih.gov/pubmed/8943224
http://doi.org/10.1080/17512433.2019.1570847
http://www.ncbi.nlm.nih.gov/pubmed/30652516
http://doi.org/10.2147/OTT.S39096
http://doi.org/10.1007/s40259-016-0208-z
http://www.ncbi.nlm.nih.gov/pubmed/28058658
http://doi.org/10.1186/s13045-017-0458-3


Cancers 2021, 13, 166 17 of 19

17. Karlsson, A.K.; Saleh, S.N. Checkpoint inhibitors for malignant melanoma: A systematic review and meta-analysis. Clin. Cosmet.
Investig. Dermatol. 2017, 10, 325–339. [CrossRef]

18. Ventola, C.L. Cancer Immunotherapy, Part 3: Challenges and Future Trends. Pharm. Ther. 2017, 42, 514–521.
19. Christiansen, S.A.; Khan, S.; Gibney, G.T. Targeted Therapies in Combination With Immune Therapies for the Treatment of

Metastatic Melanoma. Cancer J. 2017, 23, 59–62. [CrossRef]
20. Peng, S.S.; Chen, C.Y.; Xu, N.; Shyu, A.B. RNA stabilization by the AU-rich element binding protein, HuR, an ELAV protein.

EMBO J. 1998, 17, 3461–3470. [CrossRef]
21. Ripin, N.; Boudet, J.; Duszczyk, M.M.; Hinniger, A.; Faller, M.; Krepl, M.; Gadi, A.; Schneider, R.J.; Sponer, J.; Meisner-Kober, N.C.;

et al. Molecular basis for AU-rich element recognition and dimerization by the HuR C-terminal RRM. Proc. Natl. Acad. Sci. USA
2019, 116, 2935–2944. [CrossRef]

22. Wang, J.; Guo, Y.; Chu, H.; Guan, Y.; Bi, J.; Wang, B. Multiple functions of the RNA-binding protein HuR in cancer progression,
treatment responses and prognosis. Int. J. Mol. Sci. 2013, 14, 10015–10041. [CrossRef] [PubMed]

23. Heinonen, M.; Bono, P.; Narko, K.; Chang, S.H.; Lundin, J.; Joensuu, H.; Furneaux, H.; Hla, T.; Haglund, C.; Ristimaki, A.
Cytoplasmic HuR expression is a prognostic factor in invasive ductal breast carcinoma. Cancer Res. 2005, 65, 2157–2161.
[CrossRef] [PubMed]

24. Denkert, C.; Weichert, W.; Pest, S.; Koch, I.; Licht, D.; Kobel, M.; Reles, A.; Sehouli, J.; Dietel, M.; Hauptmann, S. Overexpression of
the embryonic-lethal abnormal vision-like protein HuR in ovarian carcinoma is a prognostic factor and is associated with
increased cyclooxygenase 2 expression. Cancer Res. 2004, 64, 189–195. [CrossRef] [PubMed]

25. Mrena, J.; Wiksten, J.P.; Thiel, A.; Kokkola, A.; Pohjola, L.; Lundin, J.; Nordling, S.; Ristimaki, A.; Haglund, C. Cyclooxygenase-2
is an independent prognostic factor in gastric cancer and its expression is regulated by the messenger RNA stability factor HuR.
Clin. Cancer Res. 2005, 11, 7362–7368. [CrossRef]

26. Niesporek, S.; Kristiansen, G.; Thoma, A.; Weichert, W.; Noske, A.; Buckendahl, A.C.; Jung, K.; Stephan, C.; Dietel, M.; Denkert, C.
Expression of the ELAV-like protein HuR in human prostate carcinoma is an indicator of disease relapse and linked to COX-2
expression. Int. J. Oncol. 2008, 32, 341–347. [CrossRef]

27. Stoppoloni, D.; Cardillo, I.; Verdina, A.; Vincenzi, B.; Menegozzo, S.; Santini, M.; Sacchi, A.; Baldi, A.; Galati, R. Expression of the
embryonic lethal abnormal vision-like protein HuR in human mesothelioma: Association with cyclooxygenase-2 and prognosis.
Cancer 2008, 113, 2761–2769. [CrossRef]

28. Liaudet, N.; Fernandez, M.; Fontao, L.; Kaya, G.; Merat, R. Hu antigen R (HuR) heterogeneous expression quantification as a
prognostic marker of melanoma. J. Cutan. Pathol. 2018, 45, 333–336. [CrossRef]

29. Giaginis, C.; Alexandrou, P.; Tsoukalas, N.; Sfiniadakis, I.; Kavantzas, N.; Agapitos, E.; Patsouris, E.; Theocharis, S. Hu-antigen
receptor (HuR) and cyclooxygenase-2 (COX-2) expression in human non-small-cell lung carcinoma: Associations with clinico-
pathological parameters, tumor proliferative capacity and patients’ survival. Tumour Biol. 2015, 36, 315–327. [CrossRef]

30. Muralidharan, R.; Babu, A.; Amreddy, N.; Srivastava, A.; Chen, A.; Zhao, Y.D.; Kompella, U.B.; Munshi, A.; Ramesh, R.
Tumor-targeted Nanoparticle Delivery of HuR siRNA Inhibits Lung Tumor Growth In Vitro and In Vivo By Disrupting the
Oncogenic Activity of the RNA-binding Protein HuR. Mol. Cancer Ther. 2017, 16, 1470–1486. [CrossRef]

31. Muralidharan, R.; Mehta, M.; Ahmed, R.; Roy, S.; Xu, L.; Aube, J.; Chen, A.; Zhao, Y.D.; Herman, T.; Ramesh, R.; et al.
HuR-targeted small molecule inhibitor exhibits cytotoxicity towards human lung cancer cells. Sci. Rep. 2017, 7, 9694. [CrossRef]

32. Muralidharan, R.; Babu, A.; Amreddy, N.; Basalingappa, K.; Mehta, M.; Chen, A.; Zhao, Y.D.; Kompella, U.B.; Munshi, A.;
Ramesh, R. Folate receptor-targeted nanoparticle delivery of HuR-RNAi suppresses lung cancer cell proliferation and migration.
J. Nanobiotechnol. 2016, 14, 47. [CrossRef] [PubMed]

33. Jimbo, M.; Blanco, F.F.; Huang, Y.H.; Telonis, A.G.; Screnci, B.A.; Cosma, G.L.; Alexeev, V.; Gonye, G.E.; Yeo, C.J.; Sawicki, J.A.; et al.
Targeting the mRNA-binding protein HuR impairs malignant characteristics of pancreatic ductal adenocarcinoma cells. Oncotarget
2015, 6, 27312–27331. [CrossRef]

34. Lang, M.; Berry, D.; Passecker, K.; Mesteri, I.; Bhuju, S.; Ebner, F.; Sedlyarov, V.; Evstatiev, R.; Dammann, K.; Loy, A.; et al.
HuR Small-Molecule Inhibitor Elicits Differential Effects in Adenomatosis Polyposis and Colorectal Carcinogenesis. Cancer Res.
2017, 77, 2424–2438. [CrossRef] [PubMed]

35. Wu, X.; Lan, L.; Wilson, D.M.; Marquez, R.T.; Tsao, W.C.; Gao, P.; Roy, A.; Turner, B.A.; McDonald, P.; Tunge, J.A.; et al.
Identification and validation of novel small molecule disruptors of HuR-mRNA interaction. ACS Chem. Biol. 2015, 10, 1476–1484.
[CrossRef] [PubMed]

36. Blanco, F.F.; Preet, R.; Aguado, A.; Vishwakarma, V.; Stevens, L.E.; Vyas, A.; Padhye, S.; Xu, L.; Weir, S.J.; Anant, S.; et al. Impact of
HuR inhibition by the small molecule MS-444 on colorectal cancer cell tumorigenesis. Oncotarget 2016, 7, 74043–74058. [CrossRef]
[PubMed]

37. Romeo, C.; Weber, M.C.; Zarei, M.; DeCicco, D.; Chand, S.N.; Lobo, A.D.; Winter, J.M.; Sawicki, J.A.; Sachs, J.N.; Meisner-Kober, N.;
et al. HuR Contributes to TRAIL Resistance by Restricting Death Receptor 4 Expression in Pancreatic Cancer Cells. Mol. Cancer Res.
2016, 14, 599–611. [CrossRef] [PubMed]

38. Mehta, M.; Basalingappa, K.; Griffith, J.N.; Andrade, D.; Babu, A.; Amreddy, N.; Muralidharan, R.; Gorospe, M.; Herman, T.;
Ding, W.Q.; et al. HuR silencing elicits oxidative stress and DNA damage and sensitizes human triple-negative breast cancer cells
to radiotherapy. Oncotarget 2016, 7, 64820–64835. [CrossRef] [PubMed]

http://doi.org/10.2147/CCID.S120877
http://doi.org/10.1097/PPO.0000000000000245
http://doi.org/10.1093/emboj/17.12.3461
http://doi.org/10.1073/pnas.1808696116
http://doi.org/10.3390/ijms140510015
http://www.ncbi.nlm.nih.gov/pubmed/23665903
http://doi.org/10.1158/0008-5472.CAN-04-3765
http://www.ncbi.nlm.nih.gov/pubmed/15781626
http://doi.org/10.1158/0008-5472.CAN-03-1987
http://www.ncbi.nlm.nih.gov/pubmed/14729623
http://doi.org/10.1158/1078-0432.CCR-05-0764
http://doi.org/10.3892/ijo.32.2.341
http://doi.org/10.1002/cncr.23904
http://doi.org/10.1111/cup.13119
http://doi.org/10.1007/s13277-014-2637-y
http://doi.org/10.1158/1535-7163.MCT-17-0134
http://doi.org/10.1038/s41598-017-07787-4
http://doi.org/10.1186/s12951-016-0201-1
http://www.ncbi.nlm.nih.gov/pubmed/27328938
http://doi.org/10.18632/oncotarget.4743
http://doi.org/10.1158/0008-5472.CAN-15-1726
http://www.ncbi.nlm.nih.gov/pubmed/28428272
http://doi.org/10.1021/cb500851u
http://www.ncbi.nlm.nih.gov/pubmed/25750985
http://doi.org/10.18632/oncotarget.12189
http://www.ncbi.nlm.nih.gov/pubmed/27677075
http://doi.org/10.1158/1541-7786.MCR-15-0448
http://www.ncbi.nlm.nih.gov/pubmed/27053682
http://doi.org/10.18632/oncotarget.11706
http://www.ncbi.nlm.nih.gov/pubmed/27588488


Cancers 2021, 13, 166 18 of 19

39. Amreddy, N.; Ahmed, R.A.; Munshi, A.; Ramesh, R. Tumor-Targeted Dendrimer Nanoparticles for Combinatorial Delivery of
siRNA and Chemotherapy for Cancer Treatment. Methods Mol. Biol. 2020, 2059, 167–189. [CrossRef]

40. Ramesh, R.; Saeki, T.; Templeton, N.S.; Ji, L.; Stephens, L.C.; Ito, I.; Wilson, D.R.; Wu, Z.; Branch, C.D.; Minna, J.D.; et al.
Successful treatment of primary and disseminated human lung cancers by systemic delivery of tumor suppressor genes using an
improved liposome vector. Mol. Ther. 2001, 3, 337–350. [CrossRef]

41. Ahmed, R.; Amreddy, N.; Babu, A.; Munshi, A.; Ramesh, R. Combinatorial Nanoparticle Delivery of siRNA and Antineoplastics
for Lung Cancer Treatment. Methods Mol. Biol. 2019, 1974, 265–290. [CrossRef]

42. Ianevski, A.; Giri, A.K.; Aittokallio, T. SynergyFinder 2.0: Visual analytics of multi-drug combination synergies. Nucleic Acids Res.
2020, 48, W488–W493. [CrossRef] [PubMed]

43. Panneerselvam, J.; Srivastava, A.; Muralidharan, R.; Wang, Q.; Zheng, W.; Zhao, L.; Chen, A.; Zhao, Y.D.; Munshi, A.; Ramesh, R.
IL-24 modulates the high mobility group (HMG) A1/miR222 /AKT signaling in lung cancer cells. Oncotarget 2016, 7, 70247–70263.
[CrossRef] [PubMed]

44. Andrade, D.; Mehta, M.; Griffith, J.; Oh, S.; Corbin, J.; Babu, A.; De, S.; Chen, A.; Zhao, Y.D.; Husain, S.; et al. HuR Reduces
Radiation-Induced DNA Damage by Enhancing Expression of ARID1A. Cancers 2019, 11, 14. [CrossRef] [PubMed]

45. Komina, A.V.; Palkina, N.V.; Aksenenko, M.B.; Lavrentev, S.N.; Moshev, A.V.; Savchenko, A.A.; Averchuk, A.S.; Rybnikov, Y.A.;
Ruksha, T.G. Semaphorin-5A downregulation is associated with enhanced migration and invasion of BRAF-positive melanoma
cells under vemurafenib treatment in melanomas with heterogeneous BRAF status. Melanoma Res. 2019, 29, 544–548. [CrossRef]
[PubMed]

46. Glitza Oliva, I.; Tawbi, H.; Davies, M.A. Melanoma Brain Metastases: Current Areas of Investigation and Future Directions.
Cancer J. 2017, 23, 68–74. [CrossRef] [PubMed]

47. Yajima, I.; Kumasaka, M.Y.; Thang, N.D.; Goto, Y.; Takeda, K.; Iida, M.; Ohgami, N.; Tamura, H.; Yamanoshita, O.; Kawamoto,
Y.; et al. Molecular Network Associated with MITF in Skin Melanoma Development and Progression. J. Skin Cancer 2011,
2011, 730170. [CrossRef] [PubMed]

48. Hsiao, J.J.; Fisher, D.E. The roles of microphthalmia-associated transcription factor and pigmentation in melanoma.
Arch. Biochem. Biophys. 2014, 563, 28–34. [CrossRef] [PubMed]

49. Hartman, M.L.; Czyz, M. Pro-survival role of MITF in melanoma. J. Investig. Dermatol. 2015, 135, 352–358. [CrossRef]
50. Cheli, Y.; Giuliano, S.; Fenouille, N.; Allegra, M.; Hofman, V.; Hofman, P.; Bahadoran, P.; Lacour, J.P.; Tartare-Deckert, S.; Bertolotto,

C.; et al. Hypoxia and MITF control metastatic behaviour in mouse and human melanoma cells. Oncogene 2012, 31, 2461–2470.
[CrossRef]

51. Paz, I.; Kosti, I.; Ares, M., Jr.; Cline, M.; Mandel-Gutfreund, Y. RBPmap: A web server for mapping binding sites of RNA-binding
proteins. Nucleic Acids Res. 2014, 42, W361–W367. Available online: https://rbmap.technion.ac.il (accessed on 8 September 2018).
[CrossRef]

52. Crooks, G.E.; Hon, G.; Chandonia, J.M.; Brenner, S.E. WebLogo: A sequence logo generator. Genome Res. 2004, 14, 1188–1190.
Available online: https://weblogo.berkeley.edu (accessed on 14 September 2018). [CrossRef] [PubMed]

53. Sullivan, R.J.; Atkins, M.B. Molecular targeted therapy for patients with melanoma: The promise of MAPK pathway inhibition
and beyond. Expert Opin. Investig. Drugs 2010, 19, 1205–1216. [CrossRef] [PubMed]

54. Goldinger, S.M.; Zimmer, L.; Schulz, C.; Ugurel, S.; Hoeller, C.; Kaehler, K.C.; Schadendorf, D.; Hassel, J.C.; Becker, J.; Hauschild,
A.; et al. Upstream mitogen-activated protein kinase (MAPK) pathway inhibition: MEK inhibitor followed by a BRAF inhibitor in
advanced melanoma patients. Eur. J. Cancer 2014, 50, 406–410. [CrossRef] [PubMed]

55. Czyz, M.; Sztiller-Sikorska, M.; Gajos-Michniewicz, A.; Osrodek, M.; Hartman, M.L. Plasticity of Drug-Naive and Vemurafenib-
or Trametinib-Resistant Melanoma Cells in Execution of Differentiation/Pigmentation Program. J. Oncol. 2019, 2019, 1697913.
[CrossRef]

56. Robert, C.; Karaszewska, B.; Schachter, J.; Rutkowski, P.; Mackiewicz, A.; Stroiakovski, D.; Lichinitser, M.; Dummer, R.; Grange,
F.; Mortier, L.; et al. Improved overall survival in melanoma with combined dabrafenib and trametinib. N. Engl. J. Med. 2015,
372, 30–39. [CrossRef]

57. Long, G.V.; Weber, J.S.; Infante, J.R.; Kim, K.B.; Daud, A.; Gonzalez, R.; Sosman, J.A.; Hamid, O.; Schuchter, L.; Cebon, J.; et al.
Overall Survival and Durable Responses in Patients With BRAF V600-Mutant Metastatic Melanoma Receiving Dabrafenib
Combined With Trametinib. J. Clin. Oncol. 2016, 34, 871–878. [CrossRef]

58. Pathria, G.; Garg, B.; Borgdorff, V.; Garg, K.; Wagner, C.; Superti-Furga, G.; Wagner, S.N. Overcoming MITF-conferred drug
resistance through dual AURKA/MAPK targeting in human melanoma cells. Cell Death Dis. 2016, 7, e2135. [CrossRef]

59. Muller, J.; Krijgsman, O.; Tsoi, J.; Robert, L.; Hugo, W.; Song, C.; Kong, X.; Possik, P.A.; Cornelissen-Steijger, P.D.; Geukes Foppen,
M.H.; et al. Low MITF/AXL ratio predicts early resistance to multiple targeted drugs in melanoma. Nat. Commun. 2014, 5, 5712.
[CrossRef]

60. Kozar, I.; Margue, C.; Rothengatter, S.; Haan, C.; Kreis, S. Many ways to resistance: How melanoma cells evade targeted therapies.
Biochim. Biophys. Acta. Rev. Cancer 2019, 1871, 313–322. [CrossRef]

61. Busca, R.; Berra, E.; Gaggioli, C.; Khaled, M.; Bille, K.; Marchetti, B.; Thyss, R.; Fitsialos, G.; Larribere, L.; Bertolotto, C.; et al.
Hypoxia-inducible factor 1{alpha} is a new target of microphthalmia-associated transcription factor (MITF) in melanoma cells.
J. Cell Biol. 2005, 170, 49–59. [CrossRef]

http://doi.org/10.1007/978-1-4939-9798-5_8
http://doi.org/10.1006/mthe.2001.0266
http://doi.org/10.1007/978-1-4939-9220-1_20
http://doi.org/10.1093/nar/gkaa216
http://www.ncbi.nlm.nih.gov/pubmed/32246720
http://doi.org/10.18632/oncotarget.11838
http://www.ncbi.nlm.nih.gov/pubmed/27602961
http://doi.org/10.3390/cancers11122014
http://www.ncbi.nlm.nih.gov/pubmed/31847141
http://doi.org/10.1097/CMR.0000000000000621
http://www.ncbi.nlm.nih.gov/pubmed/31116162
http://doi.org/10.1097/PPO.0000000000000237
http://www.ncbi.nlm.nih.gov/pubmed/28114258
http://doi.org/10.1155/2011/730170
http://www.ncbi.nlm.nih.gov/pubmed/22046555
http://doi.org/10.1016/j.abb.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25111671
http://doi.org/10.1038/jid.2014.319
http://doi.org/10.1038/onc.2011.425
https://rbmap.technion.ac.il
http://doi.org/10.1093/nar/gku406
https://weblogo.berkeley.edu
http://doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://doi.org/10.1517/13543784.2010.504709
http://www.ncbi.nlm.nih.gov/pubmed/20687784
http://doi.org/10.1016/j.ejca.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24183461
http://doi.org/10.1155/2019/1697913
http://doi.org/10.1056/NEJMoa1412690
http://doi.org/10.1200/JCO.2015.62.9345
http://doi.org/10.1038/cddis.2015.369
http://doi.org/10.1038/ncomms6712
http://doi.org/10.1016/j.bbcan.2019.02.002
http://doi.org/10.1083/jcb.200501067


Cancers 2021, 13, 166 19 of 19

62. McGill, G.G.; Horstmann, M.; Widlund, H.R.; Du, J.; Motyckova, G.; Nishimura, E.K.; Lin, Y.L.; Ramaswamy, S.; Avery, W.;
Ding, H.F.; et al. Bcl2 regulation by the melanocyte master regulator Mitf modulates lineage survival and melanoma cell viability.
Cell 2002, 109, 707–718. [CrossRef]

63. Iwai, Y.; Ishida, M.; Tanaka, Y.; Okazaki, T.; Honjo, T.; Minato, N. Involvement of PD-L1 on tumor cells in the escape from host
immune system and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. USA 2002, 99, 12293–12297. [CrossRef]

64. Zhao, F.; Evans, K.; Xiao, C.; DeVito, N.; Theivanthiran, B.; Holtzhausen, A.; Siska, P.J.; Blobe, G.C.; Hanks, B.A. Stromal Fibroblasts
Mediate Anti-PD-1 Resistance via MMP-9 and Dictate TGFbeta Inhibitor Sequencing in Melanoma. Cancer Immunol. Res. 2018,
6, 1459–1471. [CrossRef] [PubMed]

65. Peng, W.; Chen, J.Q.; Liu, C.; Malu, S.; Creasy, C.; Tetzlaff, M.T.; Xu, C.; McKenzie, J.A.; Zhang, C.; Liang, X.; et al. Loss of PTEN
Promotes Resistance to T Cell-Mediated Immunotherapy. Cancer Discov. 2016, 6, 202–216. [CrossRef] [PubMed]

66. Daud, A.; Gill, J.; Kamra, S.; Chen, L.; Ahuja, A. Indirect treatment comparison of dabrafenib plus trametinib versus vemurafenib
plus cobimetinib in previously untreated metastatic melanoma patients. J. Hematol. Oncol. 2017, 10, 3. [CrossRef] [PubMed]

67. Ascierto, P.A.; Ferrucci, P.F.; Fisher, R.; Del Vecchio, M.; Atkinson, V.; Schmidt, H.; Schachter, J.; Queirolo, P.; Long, G.V.;
Di Giacomo, A.M.; et al. Dabrafenib, trametinib and pembrolizumab or placebo in BRAF-mutant melanoma. Nat. Med. 2019,
25, 941–946. [CrossRef] [PubMed]

68. Ishimaru, D.; Ramalingam, S.; Sengupta, T.K.; Bandyopadhyay, S.; Dellis, S.; Tholanikunnel, B.G.; Fernandes, D.J.; Spicer, E.K.
Regulation of Bcl-2 expression by HuR in HL60 leukemia cells and A431 carcinoma cells. Mol. Cancer Res. 2009, 7, 1354–1366.
[CrossRef]

69. Blanco, F.F.; Jimbo, M.; Wulfkuhle, J.; Gallagher, I.; Deng, J.; Enyenihi, L.; Meisner-Kober, N.; Londin, E.; Rigoutsos, I.;
Sawicki, J.A.; et al. The mRNA-binding protein HuR promotes hypoxia-induced chemoresistance through posttranscriptional
regulation of the proto-oncogene PIM1 in pancreatic cancer cells. Oncogene 2016, 35, 2529–2541. [CrossRef]

70. Urban, P.; Rabajdova, M.; Velika, B.; Spakova, I.; Bolerazska, B.; Marekova, M. The Importance of MITF Signaling Pathway in the
Regulation of Proliferation and Invasiveness of Malignant Melanoma. Klin. Onkol. 2016, 29, 347–350. [CrossRef]

71. Najem, A.; Krayem, M.; Sales, F.; Hussein, N.; Badran, B.; Robert, C.; Awada, A.; Journe, F.; Ghanem, G.E. P53 and MITF/Bcl-2
identified as key pathways in the acquired resistance of NRAS-mutant melanoma to MEK inhibition. Eur. J. Cancer 2017,
83, 154–165. [CrossRef]

72. Ennen, M.; Keime, C.; Gambi, G.; Kieny, A.; Coassolo, S.; Thibault-Carpentier, C.; Margerin-Schaller, F.; Davidson, G.; Vagne, C.;
Lipsker, D.; et al. MITF-High and MITF-Low Cells and a Novel Subpopulation Expressing Genes of Both Cell States Contribute
to Intra- and Intertumoral Heterogeneity of Primary Melanoma. Clin. Cancer Res. 2017, 23, 7097–7107. [CrossRef] [PubMed]

73. Wellbrock, C.; Arozarena, I. Microphthalmia-associated transcription factor in melanoma development and MAP-kinase pathway
targeted therapy. Pigment. Cell Melanoma Res. 2015, 28, 390–406. [CrossRef] [PubMed]

74. Johannessen, C.M.; Johnson, L.A.; Piccioni, F.; Townes, A.; Frederick, D.T.; Donahue, M.K.; Narayan, R.; Flaherty, K.T.; Wargo, J.A.;
Root, D.E.; et al. A melanocyte lineage program confers resistance to MAP kinase pathway inhibition. Nature 2013, 504, 138–142.
[CrossRef] [PubMed]

75. Wang, P.Y.; Rao, J.N.; Zou, T.; Liu, L.; Xiao, L.; Yu, T.X.; Turner, D.J.; Gorospe, M.; Wang, J.Y. Post-transcriptional regulation
of MEK-1 by polyamines through the RNA-binding protein HuR modulating intestinal epithelial apoptosis. Biochem. J. 2010,
426, 293–306. [CrossRef] [PubMed]

76. Slominski, A.; Kim, T.K.; Brozyna, A.A.; Janjetovic, Z.; Brooks, D.L.; Schwab, L.P.; Skobowiat, C.; Jozwicki, W.; Seagroves, T.N.
The role of melanogenesis in regulation of melanoma behavior: Melanogenesis leads to stimulation of HIF-1alpha expression and
HIF-dependent attendant pathways. Arch. Biochem. Biophys. 2014, 563, 79–93. [CrossRef]

77. Alam, M.B.; Ahmed, A.; Motin, M.A.; Kim, S.; Lee, S.H. Attenuation of melanogenesis by Nymphaea nouchali (Burm. f) flower
extract through the regulation of cAMP/CREB/MAPKs/MITF and proteasomal degradation of tyrosinase. Sci. Rep. 2018,
8, 13928. [CrossRef]

78. Jean, D.; Bar-Eli, M. Regulation of tumor growth and metastasis of human melanoma by the CREB transcription factor family.
Mol. Cell. Biochem. 2000, 212, 19–28. [CrossRef]

79. Padua, R.A.; Barrass, N.; Currie, G.A. A novel transforming gene in a human malignant melanoma cell line. Nature 1984,
311, 671–673. [CrossRef]

80. Piperno-Neumann, S.; Piulats, J.M.; Goebeler, M.; Galloway, I.; Lugowska, I.; Becker, J.C.; Vihinen, P.; Van Calster, J.;
Hadjistilianou, T.; Proenca, R.; et al. Uveal Melanoma: A European Network to Face the Many Challenges of a Rare Cancer.
Cancers 2019, 11, 817. [CrossRef]

81. Eagle, R.C., Jr. Ocular tumors: Triumphs, challenges and controversies. Saudi. J. Ophthalmol. 2013, 27, 129–132. [CrossRef]

http://doi.org/10.1016/S0092-8674(02)00762-6
http://doi.org/10.1073/pnas.192461099
http://doi.org/10.1158/2326-6066.CIR-18-0086
http://www.ncbi.nlm.nih.gov/pubmed/30209062
http://doi.org/10.1158/2159-8290.CD-15-0283
http://www.ncbi.nlm.nih.gov/pubmed/26645196
http://doi.org/10.1186/s13045-016-0369-8
http://www.ncbi.nlm.nih.gov/pubmed/28052762
http://doi.org/10.1038/s41591-019-0448-9
http://www.ncbi.nlm.nih.gov/pubmed/31171878
http://doi.org/10.1158/1541-7786.MCR-08-0476
http://doi.org/10.1038/onc.2015.325
http://doi.org/10.14735/amko2016347
http://doi.org/10.1016/j.ejca.2017.06.033
http://doi.org/10.1158/1078-0432.CCR-17-0010
http://www.ncbi.nlm.nih.gov/pubmed/28855355
http://doi.org/10.1111/pcmr.12370
http://www.ncbi.nlm.nih.gov/pubmed/25818589
http://doi.org/10.1038/nature12688
http://www.ncbi.nlm.nih.gov/pubmed/24185007
http://doi.org/10.1042/BJ20091459
http://www.ncbi.nlm.nih.gov/pubmed/20001965
http://doi.org/10.1016/j.abb.2014.06.030
http://doi.org/10.1038/s41598-018-32303-7
http://doi.org/10.1023/A:1007128101751
http://doi.org/10.1038/311671a0
http://doi.org/10.3390/cancers11060817
http://doi.org/10.1016/j.sjopt.2013.06.002

	Introduction 
	Materials and Methods 
	Cell Lines 
	Synthesis and Preparation of siRNA Containing Nanoparticles 
	Cell Viability Assay 
	Quantitative (q) RT-PCR Assay 
	Western Blotting 
	Cell Cycle Analysis 
	Annexin V Assay 
	Cell Migration and Invasion Assay 
	Statistics 

	Results 
	Genetic Knockdown of HuR Inhibited Cell Growth in Melanoma 
	Genetic Knockdown of HuR Using HuR-NP Reduced the Expression of HuR and HuR-Regulated Oncoproteins in Melanoma Cell Lines but Not in Melanocytes 
	Genetic Knockdown of HuR Induced G1 Cell Cycle Arrest in Melanoma 
	Genetic Knockdown of HuR in Melanoma Cells Activated the Apoptosis Cascade 
	Genetic Knockdown of HuR Inhibited Melanoma Cell Migration and Invasion 
	HuR Inhibition Reduced MITF in Melanoma Cells 
	HuR-NP Reduces U0126 Induced MITF in Melanoma Cells 
	HuR-NP Suppresses the Cell Viability of MITF Overexpressing Melanoma Cell Line 

	Discussion 
	Conclusions 
	References

