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Abstract: Uncontrolled MAPK signaling is the main oncogenic driver in metastatic melanomas
bearing mutations in BRAF kinase. These tumors are currently treated with the combination of
BRAF/MEK inhibitors (MAPKIi), but this therapy is plagued by drug resistance. In this context we
recently discovered that several microRNAs are involved in the development of drug resistance. In
particular miR-204-5p and miR-199b-5p were found to function as antagonists of resistance because
their enforced overexpression is able to inhibit melanoma cell growth in vitro either alone or in
combination with MAPKi. However, the use of miRNAs in therapy is hampered by their rapid
degradation in serum and biological fluids, as well as by the poor intracellular uptake. Here, we
developed lipid nanoparticles (LNPs) encapsulating miR-204-5p, miR-199b-5p individually or in
combination. We obtained LNPs with mean diameters < 200 nm and high miRNA encapsulation
efficiency. These formulations were tested in vitro on several melanoma cell lines sensitive to MAPKi
or rendered drug resistant. Our results show that LNPs encapsulating combinations of the two
oncosuppressor miRNAs are highly efficient in impairing melanoma cell proliferation and viability,
affect key signaling pathways involved in melanoma cell survival, and potentiate the efficacy of drugs
inhibiting BRAF and MEK. These results warrant further assessment of the anti-tumor efficacy of
oncosuppressor miRNAs encapsulating LNPs in in vivo tumor models.

Keywords: Melanoma; nanoparticles; miRNAs; therapeutics; drug resistance

1. Introduction

Melanoma is the most severe malignant form of skin cancer and is characterized by high propensity
to spread to other parts of the body [1]. In the last years, targeted therapy and immunotherapy have
revolutionized treatment of metastatic melanoma [2,3]. Targeted therapy was conceived following the
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discovery that about 50% of patients bear activating mutations in the BRAF oncogene in their tumors [4].
For these patients BRAF and MEK inhibitors in combination have become the gold standard of first-line
therapy because this approach showed superiority over monotherapy with BRAF inhibitor to contain
the development of drug resistance and to improve time to recurrence and overall survival [5-7].
For BRAF wild-type melanomas, the therapeutic approach is the use of first-line therapy immune
checkpoint inhibitors (ICI) with antibodies against PD-1/PD-L1, either alone or in combination with
anti CTLA4 antibodies [8-10]. Although both targeted therapy and immunotherapy have improved
metastatic melanoma patients’ survival, drug resistance, either innate or acquired, severely limits their
efficacy [11-13].

Our group has been focusing over the last years on the study of non-genetic mechanisms at
the basis of drug resistance to MAPKi in BRAF-mutated melanomas [14-16]. For example, we have
demonstrated that a member of the EGFR family, the ErbB3 receptor, is activated upon exposure to
MAPK:i by the autocrine production of its ligand neuregulin-1 [17], and that circulating tumor cells
(CTCs) derived from melanoma patients undergo up-regulation of ErbB3 phosphorylation in vivo
shortly after initiation of therapy [18].

We have also demonstrated that inhibition of this receptor using neutralizing antibodies is able to
impair the establishment of resistance to MAPKIi both in vitro and in vivo [19].

Moving forward, in order to study other potential non mutational modulators of resistance
to MAPKIi in melanoma, we have investigated the role of microRNAs [20]. Towards this goal we
first identified a novel oncosuppressor miRNA, miR-579-3p, as a novel master regulator of MAPKi
resistance in BRAF-mutant melanoma patients [21]. Thereafter we carried out an intensive analysis of
the entire miRnome before and after the establishment of in vitro resistance to BRAF inhibition [22].
This led to the identification of a set of 29 deregulated miRNAs which could be divided in miRNAs
facilitators or antagonists of drug resistance, and whose expression allows to distinguish drug-sensitive
from drug-resistant cells [22]. In particular, we characterized in greater detail the biological activity of
four additional miRNAs involved in the establishment of drug resistance, the two oncosuppressors
miR-204-5p and miR-199b-5p and the two onco-miRs miR-4443 and miR-4488 [22]. Through a
combination of transfection studies or miRNA mimics or miRNA antagonists, we showed that
these four microRNAs play an important role in drug resistance and affect in a positive or negative
manner the efficacy of MAPKi based therapy [22]. These findings open the possibility to develop
miRNA-based therapeutics in order to potentiate the activity of MAPKi and to impair the development
of drug resistance.

In this paper we focused our attention on oncosuppressors miR-204-5p and miR-199b-5p and
their combinations. The use of these molecules offers the possibility to target simultaneous multiple
pathways involved in tumor development, progression and drug resistance, providing the opportunity
to develop new powerful drugs for the therapy of cancer [23]. However, the use of miRNA-based drugs
is hampered by the rapid degradation by nucleases and the poor and unspecific cellular uptake [12,24].
Nanotechnology can overcome these biopharmaceutical issues, because of its potential to preserve
RNA stability and to enhance intracellular uptake [25].

Among nanotechnologies used for RNA delivery, lipid nanoparticles (LNPs) characterized by
cationic lipids were largely investigated in vitro, while aggregation in serum limits their in vivo
use. The introduction of ionizable lipid make it possible to neutralize the surface net charge of
lipid nanovectors, making them more stable for application in presence of serum and in vivo [26].
These lipid nanoparticles have shown efficient RNA delivery and safety in clinical trials [27]. Indeed,
recently, the first drug based on RNA and containing LNP (ONPATTRO) received the approval for the
market. LNPs must be considered at the moment the most mature and safe approach to support the
development of RNA-based therapy.

The aim of this work is to propose lipid nanoparticles (LNPs) encapsulating miR-204-5p,
miR-199b-5p or a mix of both, as base for a novel approach in the treatment of metastatic melanoma,
directed to overcome resistance to MAPKIi.
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2. Results

2.1. Preparation of LNPs Encapsulating miRNAs

LNPs encapsulating miR-204-5p, miR-199b-5p or both miRNAs were prepared and characterized
as described in the Materials and Methods’ section. The results are summarized in Table 1. The size of
empty LNPs was 138.5 nm; the encapsulation of miRNAs led to an increase of LNP mean diameter,
ranging from 157.5 to 166.8 nm, independent of the miRNA encapsulated. All the formulations were
characterized by a narrow size distribution (PI < 0.2) and a negative ZP (from about —28 to =18 mV).

Table 1. Characteristics of LNP blank (LNP1) or encapsulating miRNA (LNP1, LNP2 and LNP3). For
each formulation, size, polydispersity index (PI), zeta potential (ZP), actual loading and encapsulation
efficiency (EE%) were calculated as the mean of the measures obtained at least on three different batches.

. . Diameter VA Actual Loading o
Formulation miRNA (am) = SD PI + SD (mV + SD) (ug miRNA/mg Lipids) EE% + SD
LNP1 - 138 +£9 0.19 £ 0.02 -11+1 - -
LNP2 miR-204-5p 157 +3 0.17 = 0.05 -28+8 186 + 0.005 93+3
LNP3 miR-199b-5p 160.4 + 11 0.18 £0.08 -18+8 199 + 0.001 9+1
LNP4 miR-204-5p/199b-5p 167 +5 0.15 + 0.05 —26+9 190 + 0.009 95+5

LNPs-miRNAs, prepared with a theoretical loading of 200 pg miRNA/mg lipids, showed an actual
loading ranging from 185.6 to 198.9 g miRNA/mg lipids, corresponding to a very high encapsulation
efficiency always >90%.

2.2. LNPs Encapsulating miRNAs Impair Proliferation of Melanoma Cell Lines Sensitive or Rendered Resistant
to MAPKi

Once LNPs were obtained with optimal technological characteristics in terms of size and miRNA
encapsulation efficiency, we started to determine their biological efficacy in two different BRAF-mutant
melanoma cell lines in vitro, namely A375 and M14. First of all, we exposed melanoma cells for
72 h to LNP1 (empty), LNP2 (carrying miR-204-5p), LNP3 (carrying miR-199b-5p) or LNP4 (with
both therapeutic oncosuppressor miRNAs) to determine their proliferation through crystal violet
staining. For these experiments, we used the dose of 30 ug for each LNP, which has been previously
reported to be able to efficiently inhibit tumor cell growth via therapeutic nanoparticles [25,28]. Our
results demonstrate that only LNP4 is able to significantly impair both A375 and M14 melanoma cell
proliferation in vitro (Figure 1A,B), thus suggesting the need to hit multiple oncogenic signaling to
exert the maximum therapeutic efficacy. These findings are in line with our previous data [22], and
were confirmed also in A375 cells following use of canonical transfection agents of miR-204-5p and
miR-199b-5p (Figure S1A).

In order to provide further technical insights into the use of miRNA-carrying LNPs, we conducted
proliferation experiments on A375 and M14 cells using different LNP1 and LNP4 concentrations (10,
20, 30 and 40 pg). Results confirm that the best dose to be used in both cell lines is 30 pug because of the
highest p-value difference, as compared to the same concentration of LNP1 (Figure S1B). Furthermore,
we also exposed A375 cells to LNP1 or LNP4 in the presence or not of fetal bovine serum (FBS),
a condition known to be able to hamper the formation of lipoplexes [29]. Results show that the presence
of FBS in the culture media does not affect efficient delivery of therapeutic miRNAs to melanoma cells,
as clearly demonstrated by qRT-PCR on miR-204-5p and miR-199b-5p expression levels (Figure S2).

Subsequently we determined the effect of nanoparticles on melanoma cells using a variety of
biological assays. A375 and M14 cells were treated with LNP1 or LNP4 and tested for the presence of
metabolically active and viable cells through ATP quantification. Box plots clearly show that LNPs
carrying both therapeutic miR-204-5p and miR-199b-5p are able to reduce cell vitality (Figure 1C,D).
Moreover, LNP4 is able to impair the growth of BRAFi-resistant melanoma cells derived from A375
and M14 (A375R and M14R, respectively) generated in our laboratory, (Figure 1E,F). Finally, in order



Int. ]. Mol. Sci. 2020, 21, 1930 40f 14

to exclude that LNPs growth inhibitory effects is due to the nanoparticles themselves and not to
their therapeutic cargo, we exposed melanoma cells to control LNP1. Results, shown in Figure 1G,
demonstrated that empty LNPs have no effects on melanoma cell behavior. Of note, the same findings
were obtained in a third additional BRAF-mutant melanoma cell line, namely WM266 (Figure S3A).
In summary, these results underscore the therapeutic potential of LNPs carrying oncosuppressive
miR-204-5p and miR-199b-5p on the inhibition of BRAFi-sensitive and -resistant melanoma cells
in vitro.
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Figure 1. Lipid nanoparticles carrying oncosuppressive miRNAs inhibit melanoma cell proliferation.
A375 (A) and M14 (B) melanoma cells were exposed to 30 ug of the indicated LNPs for 72 h: LNP1
(empty), LNP2 (miR-204-5p), LNP3 (miR-199b-5p) or LNP4 (miR-204-5p + miR-199b-5p). Viability was
determined through crystal violet staining to obtain % of cell proliferation as compared to LNP1-treated
cells. Cellular ATP was tested by luminescence assay to determine metabolic activity in response to
LNP1 and LNP4 treatments in A375 (C) and M14 (D) cells. Crystal violet staining and O.D. at 595 nM
reading by spectrometer assessed the growth inhibitory effects of LNPs in BRAFi-resistant cells (i.e.,
A375R (E) and M14R (F)). Cellular ATP measure, performed as described above, was used to test the
effects of empty LNPs as compared to untreated A375 and M14 cells ((G), left and right panels).

2.3. LNPs Carrying Therapeutic miRNAs Effectively Overexpress miR-204-5p and miR-199b-5p in Melanoma
Cells and in Turn Inhibit Their Target Oncogenes Bcl-2 and VEGF-A

Given the antitumor efficacy of miRNA-loaded nanoparticles on melanoma cell growth in vitro,
we next assessed the effective overexpression of the oncosuppressive miRNAs and the inhibition of
some of their target genes. Again, we exposed A375 and M14 melanoma cells to LNP1 or LNP4 for 72 h.
Cells were harvested and total RNA was extracted. Results obtained through qRT-PCR demonstrated
LNP4 ability to induce a strong increase of the intracellular expression of miR-204-5p (blue bars) and
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of miR-199b-5p (pink bars), both in A375 and M14 cells (Figure 2A,B respectively). Of note, the same
results were observed in WM266 cells (Figure S3B).
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Figure 2. LNP4 upregulates miR-204-5p and miR-199b-5p and inhibits their target genes in human
melanoma cells. A375 (A) and M14 (B) cells were exposed to LNP1 or LNP4, as described above, and
then total RNA was extracted to perform qRT-PCR on the expression levels of the indicated miRNAs or
their target genes. Results were normalized by AACT method relative to U6 and GAPDH, respectively.

Subsequently we tested the expression levels of some of their known target genes, namely
Bcl-2 for miR-204-5p and VEGF-A for miR-199b-5p [22,30,31]. In line with previous findings, we
observed a strong downregulation of the corresponding mRNAs (Figure 2A,B, grey and purple bars),
thus supporting the rationale that the inhibitory effects observed in Figure 1 may be caused by the
simultaneous hit of multiple oncogenic signaling. In order to confirm this finding we also determined
the effects of miRNA carrying LNPs on the protein levels of the same two targets (Figure 3A). Results
confirm the ability of LNP4 to inhibit Bcl-2. Furthermore, we also observed LNPs effects on two known
cell cycle regulators, namely the cyclins p27 and p21. We observed that miR-204-5p upregulation
enhanced p27 mRNA stability: an event reported to occur through the inhibition of a negative regulator
of this cyclin, namely Brd4 oncogene [32]. Differently p21 downregulation may be explained by
LNPs-induced reduction of the MAPK signaling which is known to induce p21 mRNA transcription [33].
Those latter aspects need further investigation. In addition, we also observed the inhibition of pERK
signaling (Figure 3B). Finally, we also evaluated, through quantitative colorimetric ELISA assays,
the presence of released VEGF-A factor in culture media following LNPs treatments. Our results
clearly indicated a reduction of this pro-angiogenic factor in A375-derived media exposed to LNP4, as
compared to that treated with LNP1 (Figure 3C). Of note, those results were confirmed in additional
melanoma cell lines, namely M14 and WM266 (Figure S4A-C). Whole blots are available as Figures S5
and S6.

All together, those results indicated that the growth inhibitory effects of LNP4 is mediated by the
simultaneous inhibition of Bcl-2 and VEGF-A oncogenes in BRAF-mutant melanoma cells.
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Figure 3. LNP4 affects different downstream effectors in response to the upregulation of miR-204-5p
and miR-199b-5p. (A,B) A375 cells were treated with LNP1 or LNP4, as described above, and total
protein extracts were subjected to Western blot analysis to measure the expression levels of the indicated
molecular effectors downstream of miR-204-5p and miR-199b-5p. (C) ELISA-based reading was used
to determine the levels of soluble VEGF-A in response to LNPs treatments in A375 cells.

2.4. Therapeutic LNPs Potentiate MAPKi Action on BRAF-Mutant Melanoma Cell Growth

Here we sought to determine whether oncosuppressor miRNAs carrying LNPs could be able to
potentiate the growth inhibitory effects of MAPKi in BRAF-mutant melanoma cells. For this purpose,
we tested three different melanoma cell lines with different degrees of sensitivity to BRAFi according
to our previously published data [18,19]. In detail, two of them, namely A375 and WM266, are highly
sensitive (IC50 < 10 nM to dabrafenib) to the drug, whereas a third line, i.e., M14 is intrinsically less
sensitive (IC50 > 100 nM to dabrafenib). Melanoma cell lines were treated with LNP1 or LNP4 in the
presence or not of different concentration of dabrafenib as a BRAFi and cell viability was measured.
Results clearly show that the LNP4 carrying oncosuppressive miR-204-5p and miR-199b-5p is able to
potentiate BRAFi activity on all three melanoma cell lines (Figure 4A-C). It is important to point out
that the best combinatorial effect is observed in the poorly sensitive M14 cells (Figure 4C). Finally, we
also tested the triple combination of BRAFi + MEKi + LNPs in M14 cells. Pleasingly we observed also
in this case a strong improvement of the growth inhibitory effects in the presence of LNP4 (Figure 4D).
Those findings suggest the possibility that nanoparticles carrying the combination of oncosuppressor
miRNAs may potentiate the efficacy of current targeted therapies for BRAF-mutant melanoma patients
and may delay the emergence of drug resistance.
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Figure 4. LNP4 potentiates MAPKi growth inhibitory effects on human melanoma cells. A375 (A),
WM266 (B) and M14 (C) cells were exposed to dabrafenib in the presence of LNP1 or LNP4 to measure
cell viability through ATP reading. LNPs were used at fixed concentration of 30 ug, whereas BRAFi
starting from 3 pM and then diluted 1:2 for ten times. (D) M14 cells were tested for the combination
of dabrafenib + trametinib + LNPs. LNPs and BRAFi were used as described above, whereas MEKi
starting from 1.5 uM and then diluted 1:2 for ten times.

3. Discussion

Target therapy with combination of a BRAF and a MEK inhibitor has dramatically improved the
clinical perspective of BRAF-mutated melanoma patients [34]. However, this type of approach still
bears a high rate of failures either due to ab initio drug resistance or to acquired resistance, since patients
that show initial disease control relapse after a variable period of time. Hence a major medical need
is still the development of new combinatorial approaches able to increase the proportion or prolong
the duration of therapeutic responses. We believe that therapeutic miRNAs may represent promising
candidates in this challenge for their therapeutic potential [12,35]. This assumption arises from our and
of others latest works, which underscore the role of those small non-coding RNAs as major modulators
of MAPKi resistance in melanoma [21,22,36,37]. In the present work we start to explore the therapeutic
potential of two oncosuppressive miRNAs, namely miR-204-5p and miR-199b-5p, which we previously
demonstrated to antagonize this process [22]. Oncosuppressive miRNAs cannot be efficiently delivered
as naked molecules to cancers in vivo because they are rapidly degraded by serum proteases and do
not reach therapeutic concentrations in tumor masses if injected systemically. While cationic liposomes
(e.g., lipofectamine) are largely and successfully used in vitro, this system cannot be proposed for
systemic administration of miRNAs for future therapies. Indeed, lipoplexes administration by i.v.
injection lead to their rapid clearance of aggregation in the bloodstream, with consequent accumulation
firstly in the lungs and then in the liver [38]. Thus, in this study, we used LNPs for which the
cationic charge is neutralized upon RNA encapsulation, making these nanovectors stable in vivo. In
addition, LNPs used in this study are also characterized by a PEGylated lipid that is not present in the
lipofectamine and that makes the nanoparticles stealth in the blood circulation. Hence we have decided
to adopt a well-characterized delivery approach consisting in the formulation of microRNAs into lipid
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nanoparticles. This technology has previously shown to allow the efficient delivery of RNA cargo to
tumor in mouse tumor models in vivo, and is under advanced clinical development with a product
recently approved [27]. In this study we focus on the biophysical and biological characterization
of these particles encapsulating miR-204-5p and miR-199b-5p for their therapeutic potential in the
treatment of BRAF-mutated melanoma. LNPs offer the ability to encapsulate a high percentage of RNA
due to the presence of an ionizable lipid. Indeed, independent of the miRNA used, the encapsulation
efficiency was close to 100% of the initially-loaded miRNA. It is worthy of note that, in the case of
LNP4, a mix of different miRNA sequences (50% miR-204-5p and 50% miR-199b-5p) was encapsulated,
maintaining a very high miRNA loading. On the other hand, the mean size of LNPs lower than 200
nm, as well as their homogeneous size distribution (polydispersity index lower than 0.2 in all the
formulations), make these LNP-encapsulating miRNAs suitable for i.v. administration and tumor
targeting [38]. Then we moved to the biological characterization of the LNP on different melanoma
cells lines. We demonstrated through the use of a combination of in vitro assays that 1) only the
delivery of miRNA combinations instead of single miRNAs via nanoparticles is able to achieve a
growth inhibitory effect in a variety of BRAF-mutated melanoma cell lines; 2) dual miRNA-loaded
LNPs are able to potentiate the growth inhibitory effect of target therapy. As to the first point, our
results indicate that the simultaneous targeting of multiple oncogenic signaling is able to exert the
most powerful inhibition of melanoma cell growth. This is supported by the evidence that LNPs
carrying both oncosuppressive miR-204-5p and miR-199b-5p are able to hit both Bcl-2 and VEGF-A
oncoproteins with a superior effect as compared to LNPs carrying only one miRNA. These findings
were confirmed also on two melanoma cell lines rendered resistant to a BRAFi. Furthermore LNPs
loaded with oncosuppressor miRNAs loaded are able to improve the growth inhibitory power of
dabrafenib (BRAFi) on different melanoma cell lines characterized by increasing states of sensitivity to
this drug. Furthermore, we show that miR-204-5p and miR-199b-5p are able to potentiate also the
combination of a BRAF and a MEK inhibitor, which currently represent the gold standard of therapy for
BRAF mutant melanoma patients. Most importantly highest degree of potentiation is observed in the
least sensitive of the three melanoma cell lines tested, which suggests that our approach is potentially
most helpful in conditions where melanomas are intrinsically more resistant to therapy. The fixed
combination of the two miRNAs in the same nanovector should also facilitate the development of a
less complex therapy, where this formulation could be combined to the BRAF and a MEK inhibitors.
These in vitro findings encourage further testing of miRNA combinations formulated in LNPs in
in vivo mouse xenograft models, where it will be possible to assess the capability of these new triple
combination to inhibit long term tumor recurrence.

4. Materials and Methods

4.1. Materials

1,2-dioleyl-3-dimethylammonium propane (DODAP) and N-palmitoyl-sphingosine-1-{succinyl
[methoxy(polyethylene glycol)2000]} (PEGyggo-Cerjs) were purchased by Avanti Polar Lipids
(Darmstadt, Germany). Distearoylphosphatidylcholine (DSPC) was kindly offered from Lipoid
GmbH (Cam, Switzerland). Cholesterol (CHOL), sodium chloride, sodium phosphate, HEPES, citric
acid and sodium citrate were purchased by Sigma-Aldrich (St. Louis, MO, USA). Ethanol and other
solvents were obtained by Exacta Optech (Modena, Italy).

4.2. Preparation of LNPs Encapsulating miRNAs

LNPs formulations, blank or encapsulating miRNAs (LNPs-miRNAs), were prepared by ethanol
injection method, as previously reported by Semple et al. with some modifications [26]. Briefly,
a lipid stock solution composed of DSPC/CHOL/DODAP/PEGyg-Cerig (25/45/20/10 molar ratio)
was prepared in ethanol (40% v/v of total preparation). In a separated tube, an aliquot (0.2 mg) of
miR-204-5p, miR-199b-5p or both miRNAs was dissolved in 20 mM citric acid pH 4.0 (60% v/v of total
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preparation). The two solutions were warmed for 2-3 min to 65 °C and then the lipid ethanol solution
was added to the miRNA solution under stirring. The preparation was sized forcing the passage of the
suspension through 200 nm (5 times) and 100 nm (5 times) polycarbonate filters using a thermobarrel
extruder (Northern Lipids Inc., Vancouver, BC, Canada) maintained at approximately 65 °C. Therefore,
the preparation was dialyzed (3.5 kDa cutoff) against 20 mM citrate buffer at pH 4.0 for approximately
1 h to remove excess of ethanol and against HBS (20 mM HEPES, 145 mM NaCl, pH 7.4) for 12-18 h to
remove the citrate buffer and to neutralize the LNP surface. Unencapsulated miRNA was removed by
ultracentrifugation at 80,000 rpm for 40 min (Optima Max E, Beckman Coulter, Brea, CA, USA; rotor
TLA 120.2). Each formulation was prepared in triplicate and stored at 4 °C before use.

4.3. LNPs-miRNAs Characterization, Size and Polydispersity Index

The mean diameter and the size distribution (PI) of LNPs-miRNAs were measured by photon
correlation spectroscopy (PCS). Briefly, samples were diluted 1:100 v/v with 0.22 um filtered water and
analyzed with detector at 90° angle by PCS (N5, Beckman Coulter, Brea, CA, USA). As measure of the
particle size distribution, polydispersity index (PI) was used. The results were obtained by the average
of the measures on three different batches of the same LNP-RNAs formulation.

4.4. Zeta Potential of LNPs

The zeta potential (ZP) of the LNPs formulations was determined using a ZetasizerNano Z
(Malvern Instruments, Worcestershire, UK). Samples diluted 1:100 v/v with water and 0.22 pm filtered
were prepared and analyzed. For each LNP formulation, the results were obtained by the average of
the measures on three different batches.

4.5. Lipid Dosage in LNPs

The amount of phospholipid in the LNPs suspension was determined by the Stewart assay [39].
Briefly, an aliquot of the LNPs suspension was added to a two-phase system, consisting of an aqueous
ammonium ferrothiocyanate solution (0.1 N) and chloroform. The concentration of DSPC was
obtained by measure of the absorbance at 485 nm into the organic layer with an ultraviolet-visible
spectrophotometer (UV VIS 1204; Shimadzu Corporation, Kyoto, Japan). The concentration of the total
lipid content was calculated considering a constant ratio between the lipids.

4.6. miRNA Encapsulation

The amount of miR-204-5p, miR-199b-5p or both miRNAs encapsulated into the LNPs was
measured spectrophotometrically. Briefly, an aliquot of the formulation was dissolved in methanol
(1:100 v/v) and samples were centrifugated for 30 min at 13,000 rpm (MIKRO 20; Hettich, Tuttlingen,
Germany).

The supernatant was then analyzed at 260 nm. The amount of miRNA loaded into the nanocarriers
was expressed as miRNA encapsulation efficiency (EE%), calculated as % ratio between miRNA actual
loading (mg of miRNA/mg of total lipids) and miRNA theoretical loading in formulation. For each
formulation, the results were calculated as the mean of the measures obtained in three different batches
(n=3).

4.7. Cell Lines and Treatments

Human melanoma cell lines, WM266, M14 and A375 were obtained from the laboratory of Dr.
Paolo A. Ascierto at National Cancer Institute of Naples “Fondazione G. Pascale”, Naples, Italy. All
these cell lines harbor BRAF-V600 mutations that is V600D for WM266 and V600E for M14 and A375.
They all derive from metastatic lesions. In particular, M14 was reported to be established at the
University of California Los Angeles (UCLA) from a 33-year-old patient with metastatic melanoma,
A375 derived from a 54-year-old female with malignant melanoma, whereas WM266 came from
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individual lymph-node metastases from a 55-year-old female. BRAFi-resistant counterparts were
obtained through sequential increasing treatments of a BRAFi for about two months; for more detail
please see our previous work. All melanoma cell lines used were cultured in RPMI supplemented
with 10% FBS. Nanoparticles treatments were performed by exposing cells to 30 pug of each LNPs
for 72 h in the presence of FBS with the exception of setting experiments shown in Figures S1B and
S2. Dabrafenib and trametinib as BRAFi and MEKj, respectively, were obtained by Novartis Farma
S.p.A. (Rome, Italy). For biological assays they were used at different concentrations, starting from the
highest dose of 3 uM and then diluted 1:2 for ten times.

4.8. Antibodies and Reagents

Antibodies for Western blotting (i.e., pAKT and pERK) were purchased from Cell Signaling
Technology [40] (Boston, MA, USA). Differently, Bcl-2, p21, p27 and GAPDH were obtained from Santa
Cruz Biotechnology (Dallas, TX, USA). Anti-rabbit and anti-mouse were purchased from AbCam
(Cambridge, UK) [41]. TagMan probes for miRNAs and target genes were purchased from Applied
Biosystems (Foster City, CA, USA). Human VEGF Quantikine ELISA Kit was obtained from R&D
Systems (Minneapolis, MN, USA).

4.9. VEGF-A Detection

Soluble VEGF-A following LNPs treatments was determined through ELISA kit according to
manufacturer’s instructions [42]. Briefly, 200 uL of each sample was incubated for 2 h at room
temperature in the 96-well plate, in which a monoclonal antibody specific for human VEGF-A was
pre-coated. After washing a specific enzyme-linked polyclonal antibody was added to the wells
and then a substrate solution allowed to assess the amount of VEGF-A bound in the initial step by
measuring absorbance at 450 nm into microplate reader.

4.10. Western Blot Analysis

Melanoma cells were lysed with RIPA buffer purchased by Sigma-Aldrich (St. Louis, MO, USA)
and total proteins were run using Invitrogen Bolt Bis-Tris 4-12% Plus gels precast polyacrylamide
gels [43]. Proteins were then transferred using the iBlot® Transfer Stacks in nitrocellulose membranes
through the fast iBlot®Dry Blotting System (ThermoFisher Scientific, Foster City, CA, USA). The
membranes were blocked with 5% non-fat dry milk in TBS 0.1% Tween 20, and incubated with the
different primary antibodies O.N. at 4 °C. GAPDH was used to estimate the protein equal loading.

4.11. RNA Extraction and Real-Time

Total RNA was extracted using TRIzol method according to manufacturer’s instruction [44] and
quantitated by Qubit Fluorometer [45] (ThermoFisher Scientific, Foster City, CA, USA). Quantitative
Real Time-PCR (qRT-PCR) was performed by TagMan Gene Expression Assays (Catalog number
4444556) (Applied Biosystems, Foster City, CA, USA). Each transcript was measured using the
comparative Ct method for relative quantification reference to the amount of a common housekeeping
gene (i.e., GAPDH or U6 (for miRNAs)).

4.12. Cell Viability

The number of viable melanoma cells was measured by quantification of the ATP present
according to CellTiter-Glo® Luminescent Cell Viability assay protocol and colony formation assays
were performed as previously described [17].
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4.13. Statistical Analyses

All results reported in this manuscript are presented as mean values from three independent
experiments. Quantitative analysis for curve fitting, box plots and p-value estimation (significance p <
0.05) were performed by GraphPad Prism 7 (San Diego, CA, USA) [46].

5. Patents

International application number: PCT/IT2019/050073, Title: “miRNAs for treatment and in vitro
diagnosis of drug resistant tumors”.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/6/1930/s1,
Figure S1: miRNA transfection in A375 cells, LNPs dose finding evaluation, Figure S2: miR-204-5p and miR-199b-5p
evaluation through qRT-PCR in the presence or not of FBS, Figure S3: ATP content evaluation in WM266 following
LNP exposure and miRNAs measure through qRT-PCR, Figure S4: Western blot on M14 cells following LNP
treatments and VEGF-A evaluation in WM266 cells treated as above, Figure S5: Whole blots of Figure 3A, Figure
S6: Whole blots of Figure S4A.

Author Contributions: L.F,, CER., V.S. and D.L. materially executed all the in vitro studies with melanoma cells
(i.e., melanoma cell cultures, protein extraction, western blotting, cell proliferation assays using LNPs and MAPKi).
V.C. and L.S. prepared, tested and characterized all LNPs used in the manuscript. G.B., PA.A. and R.M. reviewed
and helped to conceive and to write the manuscript. G.C. and G.D.R. conceived/coordinated the study and revised
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by AIRC grant IG 15216 to G.C.; RM. was supported by AIRC grant IG
IG17009 and the Lazioinova grant 2018 n.85-2017-13750; L.F. was supported by AIRC/FIRC fellowship and was
recipient of a fellowship granted by Istituto Pasteur Italia-Fondazione Cenci Bolognetti; C.F.R. is a recipient of a
fellowship by Intergruppo Melanoma Italiano (IMI).

Acknowledgments: We thank Italian Association for Cancer Research (AIRC), Fondazione Umberto Veronesi,
Intergruppo Melanoma Italiano (IMI) and Istituto Pasteur Italia-Fondazione Cenci Bolognetti for the financial
support to this work. We thank Novartis Farma S.p.A. for providing all MAPK inhibitors used in the study.

Conflicts of Interest: All The authors declare no conflict of interest with the exception of PA.A. P.A.A. has an
advisory/consultant role for BMS, Roche-Genentech, MSD, Array, Novartis, Merck Serono, Pierre Fabre, Incyte,
Genmab, Newlink Genetics, Medimmune, AstraZeneca, Syndax, Sun Pharma, Sanofi, Idera, Ultimovacs, Sandoz,
Immunocore, 45C, Alkermes, Italfarmaco. P.A.A. receives research funds from BMS, Roche-Genentech, Array
and travel support from MSD. The funders of this study had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

Abbreviations

MAPKi BRAF/MEK inhibitors
LNP Lipid nanoparticles
FBS Fetal bovine serum
References

1.  Domingues, B.; Lopes, ].M.; Soares, P.; Populo, H. Melanoma treatment in review. ImmunoTargets Ther. 2018,
7,35-49. [CrossRef]

2. Schilling, B.; Martens, A.; Geukes Foppen, M.H.; Gebhardt, C.; Hassel, ].C.; Rozeman, E.A.; Gesierich, A.;
Gutzmer, R.; Kahler, K.C.; Livingstone, E.; et al. First-Line therapy-Stratified survival in BRAF-Mutant
melanoma: A retrospective multicenter analysis. Cancer Immunol. Immunother. 2019, 68, 765-772. [CrossRef]

3.  Pelster, M.S.; Amaria, R.N. Combined targeted therapy and immunotherapy in melanoma: A review of the
impact on the tumor microenvironment and outcomes of early clinical trials. Ther. Adv. Med Oncol. 2019, 11.
[CrossRef]

4. Manca, A;; Lissia, A.; Capone, M.; Ascierto, P.A.; Botti, G.; Caraco, C.; Stanganelli, I.; Colombino, M.; Sini, M.;
Cossu, A,; et al. Activating PIKBCA mutations coexist with BRAF or NRAS mutations in a limited fraction of
melanomas. J. Transl. Med. 2015, 13, 37. [CrossRef]

5. Dummer, R.; Ascierto, P.A.; Gogas, H.].; Arance, A.; Mandala, M.; Liszkay, G.; Garbe, C.; Schadendorf, D.;
Krajsova, I.; Gutzmer, R.; et al. Encorafenib plus binimetinib versus vemurafenib or encorafenib in patients


http://www.mdpi.com/1422-0067/21/6/1930/s1
http://dx.doi.org/10.2147/ITT.S134842
http://dx.doi.org/10.1007/s00262-019-02311-1
http://dx.doi.org/10.1177/1758835919830826
http://dx.doi.org/10.1186/s12967-015-0401-8

Int. ]. Mol. Sci. 2020, 21, 1930 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

with BRAF-Mutant melanoma (COLUMBUS): A multicentre, open-Label, randomised phase 3 trial. Lancet
Oncol. 2018, 19, 603-615. [CrossRef]

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. 2014, 372, 30-39. [CrossRef] [PubMed]

Song, C.; Piva, M,; Sun, L.; Hong, A.; Moriceau, G.; Kong, X.; Zhang, H.; Lomeli, S.; Qian, J.; Yu, C.C,; et al.
Recurrent Tumor Cell-Intrinsic and -Extrinsic Alterations during MAPKi-Induced Melanoma Regression
and Early Adaptation. Cancer Discov. 2017, 7, 1248-1265. [CrossRef] [PubMed]

Madonna, G.; Ballesteros-Merino, C.; Feng, Z.; Bifulco, C.; Capone, M.; Giannarelli, D.; Mallardo, D.;
Simeone, E.; Grimaldi, A.M.; Caraco, C.; et al. PD-L1 expression with immune-infiltrate evaluation and
outcome prediction in melanoma patients treated with ipilimumab. Oncoimmunology 2018, 7, e1405206.
[CrossRef]

Pistillo, M.P,; Fontana, V.; Morabito, A.; Dozin, B.; Laurent, S.; Carosio, R.; Banelli, B.; Ferrero, F.; Spano, L.;
Tanda, E.; et al. Soluble CTLA-4 as a favorable predictive biomarker in metastatic melanoma patients treated
with ipilimumab: An Italian melanoma intergroup study. Cancer Immunol. Immunother. 2019, 68, 97-107.
[CrossRef]

Hodi, ES.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.; Rutkowski, P.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.;
Wagstaff, ].; Dummer, R.; et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in
advanced melanoma (CheckMate 067): 4-Year outcomes of a multicentre, randomised, phase 3 trial. Lancet
Oncol. 2018, 19, 1480-1492. [CrossRef]

Sharma, P.; Hu-Lieskovan, S.; Wargo, ].A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer
Immunotherapy. Cell 2017, 168, 707-723. [CrossRef] [PubMed]

Fattore, L.; Mancini, R.; Ascierto, P.A.; Ciliberto, G. The potential of BRAF-Associated non-Coding RNA as a
therapeutic target in melanoma. Expert Opin. Ther. Targets 2019, 23, 53—68. [CrossRef] [PubMed]

Moriceau, G.; Hugo, W.; Hong, A.; Shi, H.; Kong, X.; Yu, C.C.; Koya, R.C.; Samatar, A.A.; Khanlou, N.;
Braun, J.; et al. Tunable-Combinatorial mechanisms of acquired resistance limit the efficacy of BRAF/MEK
cotargeting but result in melanoma drug addiction. Cancer Cell 2015, 27, 240-256. [CrossRef] [PubMed]
Hugo, W.; Shi, H.; Sun, L.; Piva, M.; Song, C.; Kong, X.; Moriceau, G.; Hong, A.; Dahlman, K.B.; Johnson, D.B.;
et al. Non-Genomic and Immune Evolution of Melanoma Acquiring MAPKi Resistance. Cell 2015, 162,
1271-1285. [CrossRef]

Fattore, L.; Sacconi, A.; Mancini, R.; Ciliberto, G. MicroRNA-Driven deregulation of cytokine expression
helps development of drug resistance in metastatic melanoma. Cytokine Growth Factor Rev. 2017, 36, 39-48.
[CrossRef]

Pisanu, M.E.; Maugeri-Sacca, M.; Fattore, L.; Bruschini, S.; De Vitis, C.; Tabbi, E.; Bellei, B.; Migliano, E.;
Kovacs, D.; Camera, E.; et al. Inhibition of Stearoyl-CoA desaturase 1 reverts BRAF and MEK
inhibition-Induced selection of cancer stem cells in BRAF-Mutated melanoma. ]. Exp. Clin. Cancer
Res. CR 2018, 37, 318. [CrossRef]

Fattore, L.; Marra, E.; Pisanu, M.E.; Noto, A.; de Vitis, C.; Belleudi, F.; Aurisicchio, L.; Mancini, R.; Torrisi, M.R.;
Ascierto, P.A.; et al. Activation of an early feedback survival loop involving phospho-ErbB3 is a general
response of melanoma cells to RAF/MEK inhibition and is abrogated by anti-ErbB3 antibodies. J. Transl. Med.
2013, 11, 180. [CrossRef]

Ruggiero, C.F.; Malpicci, D.; Fattore, L.; Madonna, G.; Vanella, V.; Mallardo, D.; Liguoro, D.; Salvati, V.;
Capone, M.; Bedogni, B.; et al. ErbB3 Phosphorylation as Central Event in Adaptive Resistance to Targeted
Therapy in Metastatic Melanoma: Early Detection in CTCs during Therapy and Insights into Regulation by
Autocrine Neuregulin. Cancers (Basel) 2019, 11, 425. [CrossRef]

Fattore, L.; Malpicci, D.; Marra, E.; Belleudi, F.; Noto, A ; De Vitis, C.; Pisanu, M.E.; Coluccia, P.; Camerlingo, R.;
Roscilli, G.; et al. Combination of antibodies directed against different ErbB3 surface epitopes prevents
the establishment of resistance to BRAF/MEK inhibitors in melanoma. Oncotarget 2015, 6, 24823-24841.
[CrossRef]

Fattore, L.; Costantini, S.; Malpicci, D.; Ruggiero, C.F; Ascierto, P.A.; Croce, C.M.; Mancini, R.; Ciliberto, G.
MicroRNAs in melanoma development and resistance to target therapy. Oncotarget 2017, 8, 22262-22278.
[CrossRef]


http://dx.doi.org/10.1016/S1470-2045(18)30142-6
http://dx.doi.org/10.1056/NEJMoa1412690
http://www.ncbi.nlm.nih.gov/pubmed/25399551
http://dx.doi.org/10.1158/2159-8290.CD-17-0401
http://www.ncbi.nlm.nih.gov/pubmed/28864476
http://dx.doi.org/10.1080/2162402X.2017.1405206
http://dx.doi.org/10.1007/s00262-018-2258-1
http://dx.doi.org/10.1016/S1470-2045(18)30700-9
http://dx.doi.org/10.1016/j.cell.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28187290
http://dx.doi.org/10.1080/14728222.2019.1554057
http://www.ncbi.nlm.nih.gov/pubmed/30507327
http://dx.doi.org/10.1016/j.ccell.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25600339
http://dx.doi.org/10.1016/j.cell.2015.07.061
http://dx.doi.org/10.1016/j.cytogfr.2017.05.003
http://dx.doi.org/10.1186/s13046-018-0989-7
http://dx.doi.org/10.1186/1479-5876-11-180
http://dx.doi.org/10.3390/cancers11101425
http://dx.doi.org/10.18632/oncotarget.4485
http://dx.doi.org/10.18632/oncotarget.14763

Int. ]. Mol. Sci. 2020, 21, 1930 13 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fattore, L.; Mancini, R.; Acunzo, M.; Romano, G.; Lagana, A.; Pisanu, M.E.; Malpicci, D.; Madonna, G.;
Mallardo, D.; Capone, M.; et al. miR-579-3p controls melanoma progression and resistance to target therapy.
Proc. Natl. Acad. Sci. USA 2016, 113, E5005-E5013. [CrossRef] [PubMed]

Fattore, L.; Ruggiero, C.F,; Pisanu, M.E.; Liguoro, D.; Cerri, A.; Costantini, S.; Capone, F.; Acunzo, M.;
Romano, G.; Nigita, G.; et al. Reprogramming miRNAs global expression orchestrates development of drug
resistance in BRAF-mutated melanoma. Cell Death Differ. 2019, 26, 1267-1282. [CrossRef] [PubMed]
Hanna, J.; Hossain, G.S.; Kocerha, J. The Potential for microRNA Therapeutics and Clinical Research.
Front. Genet. 2019, 10, 478. [CrossRef] [PubMed]

Chen, Y.; Gao, D.Y,; Huang, L. In vivo delivery of miRNAs for cancer therapy: Challenges and strategies.
Adv. Drug Deliv. Rev. 2015, 81, 128-141. [CrossRef] [PubMed]

Di Martino, M.T,; Campani, V.; Misso, G.; Gallo Cantafio, M.E.; Gulla, A.; Foresta, U.; Guzzi, PH;
Castellano, M.; Grimaldi, A.; Gigantino, V.; et al. In Vivo Activity of MiR-34a Mimics Delivered by Stable
Nucleic Acid Lipid Particles (SNALPs) against Multiple Myeloma. PLoS ONE 2014, 9, e90005. [CrossRef]
Semple, S.C.; Klimuk, S.K.; Harasym, T.O.; Dos Santos, N.; Ansell, 5S.M.; Wong, K.F; Maurer, N.; Stark, H.;
Cullis, PR.; Hope, M.].; et al. Efficient encapsulation of antisense oligonucleotides in lipid vesicles using
ionizable aminolipids: Formation of novel small multilamellar vesicle structures. Biochim. Biophys. Acta
2001, 1510, 152-166. [CrossRef]

Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.].;
Madden, T.D.; et al. The Onpattro story and the clinical translation of nanomedicines containing nucleic
acid-Based drugs. Nat. Nanotechnol. 2019, 14, 1084-1087. [CrossRef]

Scognamiglio, I.; Di Martino, M.T.; Campani, V.; Virgilio, A.; Galeone, A.; Gulla, A.; Gallo Cantafio, M.E,;
Misso, G.; Tagliaferri, P.; Tassone, P.; et al. Transferrin-Conjugated SNALPs encapsulating 2’-O-Methylated
miR-34a for the treatment of multiple myeloma. Biomed. Res. Int. 2014. [CrossRef]

Campani, V.; Salzano, G.; Lusa, S.; De Rosa, G. Lipid Nanovectors to Deliver RNA Oligonucleotides in
Cancer. Nanomaterials (Basel Switz.) 2016, 6, 131. [CrossRef]

Sacconi, A.; Biagioni, F; Canu, V.; Mori, F; Di Benedetto, A.; Lorenzon, L.; Ercolani, C.; Di Agostino, S.;
Cambria, A.M.; Germoni, S.; et al. miR-204 targets Bcl-2 expression and enhances responsiveness of gastric
cancer. Cell Death Dis. 2012, 3, e423. [CrossRef]

Dai, L.; Lou, W.; Zhu, ].; Zhou, X.; Di, W. MiR-199a inhibits the angiogenic potential of endometrial stromal
cells under hypoxia by targeting HIF-1alpha/VEGF pathway. Int. |. Clin. Exp. Pathol. 2015, 8, 4735-4744.
[PubMed]

Wang, C.; Zhang, Y.; Zhou, D.; Cao, G.; Wu, Y. miR-204 enhances p27 mRNA stability by targeting Brd4 in
head and neck squamous cell carcinoma. Oncol. Lett. 2018, 16, 4179-4184. [CrossRef] [PubMed]

Karimian, A.; Ahmadi, Y.; Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional
regulation after DNA damage. DNA Repair 2016, 42, 63-71. [CrossRef] [PubMed]

Fattore, L.; Ruggiero, C.E,; Liguoro, D.; Mancini, R.; Ciliberto, G. Single cell analysis to dissect molecular
heterogeneity and disease evolution in metastatic melanoma. Cell Death Dis. 2019, 10, 827. [CrossRef]
[PubMed]

Vescarelli, E.; Gerini, G.; Megiorni, F.; Anastasiadou, E.; Pontecorvi, P,; Solito, L.; De Vitis, C.; Camero, S.;
Marchetti, C.; Mancini, R.; et al. MiR-200c sensitizes Olaparib-Resistant ovarian cancer cells by targeting
Neuropilin 1. J. Exp. Clin. Cancer Res. CR 2020, 39, 3. [CrossRef]

Kozar, I; Cesi, G.; Margue, C.; Philippidou, D.; Kreis, S. Impact of BRAF kinase inhibitors on the miRNomes
and transcriptomes of melanoma cells. Biochim. Biophys. Acta. Gen. Subj. 2017, 1861, 2980-2992. [CrossRef]
Caporali, S.; Amaro, A.; Levati, L.; Alvino, E.; Lacal, PM.; Mastroeni, S.; Ruffini, F.; Bonmassar, L.; Antonini
Cappellini, G.C; Felli, N.; et al. miR-126-3p down-Regulation contributes to dabrafenib acquired resistance
in melanoma by up-regulating ADAM9 and VEGEF-A. |. Exp. Clin. Cancer Res. CR 2019, 38, 272. [CrossRef]
Litzinger, D.C.; Buiting, A.M.].; van Rooijen, N.; Huang, L. Effect of liposome size on the circulation time and
intraorgan distribution of amphipathic poly(ethylene glycol)-Containing liposomes. Biochim. Biophys. Acta
(BBA)-Biomembr. 1994, 1190, 99-107. [CrossRef]

Stewart, J.C. Colorimetric determination of phospholipids with ammonium ferrothiocyanate. Anal. Biochem.
1980, 104, 10-14. [CrossRef]

Megiorni, F; Camero, S.; Ceccarelli, S.; McDowell, H.P.; Mannarino, O.; Marampon, E; Pizer, B,;
Shukla, R.; Pizzuti, A.; Marchese, C.; et al. DNMT3B in vitro knocking-Down is able to reverse


http://dx.doi.org/10.1073/pnas.1607753113
http://www.ncbi.nlm.nih.gov/pubmed/27503895
http://dx.doi.org/10.1038/s41418-018-0205-5
http://www.ncbi.nlm.nih.gov/pubmed/30254376
http://dx.doi.org/10.3389/fgene.2019.00478
http://www.ncbi.nlm.nih.gov/pubmed/31156715
http://dx.doi.org/10.1016/j.addr.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24859533
http://dx.doi.org/10.1371/journal.pone.0090005
http://dx.doi.org/10.1016/S0005-2736(00)00343-6
http://dx.doi.org/10.1038/s41565-019-0591-y
http://dx.doi.org/10.1155/2014/217365
http://dx.doi.org/10.3390/nano6070131
http://dx.doi.org/10.1038/cddis.2012.160
http://www.ncbi.nlm.nih.gov/pubmed/26191163
http://dx.doi.org/10.3892/ol.2018.9180
http://www.ncbi.nlm.nih.gov/pubmed/30250532
http://dx.doi.org/10.1016/j.dnarep.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27156098
http://dx.doi.org/10.1038/s41419-019-2048-5
http://www.ncbi.nlm.nih.gov/pubmed/31672982
http://dx.doi.org/10.1186/s13046-019-1490-7
http://dx.doi.org/10.1016/j.bbagen.2017.04.005
http://dx.doi.org/10.1186/s13046-019-1238-4
http://dx.doi.org/10.1016/0005-2736(94)90038-8
http://dx.doi.org/10.1016/0003-2697(80)90269-9

Int. ]. Mol. Sci. 2020, 21, 1930 14 of 14

41.

42.

43.

44.

45.

46.

embryonal rhabdomyosarcoma cell phenotype through inhibition of proliferation and induction of myogenic
differentiation. Oncotarget 2016, 7, 79342-79356. [CrossRef]

Costanzo, P; Santini, A.; Fattore, L.; Novellino, E.; Ritieni, A. Toxicity of aflatoxin B1 towards the vitamin D
receptor (VDR). Food Chem. Toxicol. 2015, 76, 77-79. [CrossRef] [PubMed]

Salemi, R.; Falzone, L.; Madonna, G.; Polesel, J.; Cina, D.; Mallardo, D.; Ascierto, P.A.; Libra, M.; Candido, S.
MMP-9 as a Candidate Marker of Response to BRAF Inhibitors in Melanoma Patients with BRAF(V600E)
Mutation Detected in Circulating-Free DNA. Front. Pharmacol. 2018, 9, 856. [CrossRef] [PubMed]

D’ Amici, S.; Ceccarelli, S.; Vescarelli, E.; Romano, F; Frati, L.; Marchese, C.; Angeloni, A. TNFa modulates
Fibroblast Growth Factor Receptor 2 gene expression through the pRB/E2F1 pathway: Identification of a
non-Canonical E2F binding motif. PLoS ONE 2013, 8, e61491. [CrossRef] [PubMed]

Bruschini, S.; di Martino, S.; Pisanu, M.E.; Fattore, L.; De Vitis, C.; Laquintana, V.; Buglioni, S.; Tabbj, E.;
Cerri, A.; Visca, P; et al. CytoMatrix for a reliable and simple characterization of lung cancer stem cells from
malignant pleural effusions. J. Cell. Physiol. 2020, 235, 1877-1887. [CrossRef]

De Vitis, C.; Corleone, G.; Salvati, V.; Ascenzi, E.; Pallocca, M.; De Nicola, E; Fanciulli, M.; di Martino, S.;
Bruschini, S.; Napoli, C.; et al. BAGALT1 Is a New Candidate to Maintain the Stemness of Lung Cancer Stem
Cells. J. Clin. Med. 2019, 8, 1928. [CrossRef]

Ascierto, P.A.; Capone, M.; Grimaldi, A.M.; Mallardo, D.; Simeone, E.; Madonna, G.; Roder, H.; Meyer, K,;
Asmellash, S.; Oliveira, C.; et al. Proteomic test for anti-PD-1 checkpoint blockade treatment of metastatic
melanoma with and without BRAF mutations. J. Immunother. Cancer 2019, 7, 91. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.18632/oncotarget.12688
http://dx.doi.org/10.1016/j.fct.2014.11.025
http://www.ncbi.nlm.nih.gov/pubmed/25483621
http://dx.doi.org/10.3389/fphar.2018.00856
http://www.ncbi.nlm.nih.gov/pubmed/30154717
http://dx.doi.org/10.1371/journal.pone.0061491
http://www.ncbi.nlm.nih.gov/pubmed/23613863
http://dx.doi.org/10.1002/jcp.29121
http://dx.doi.org/10.3390/jcm8111928
http://dx.doi.org/10.1186/s40425-019-0569-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

© 2020. This work is licensed under
http://creativecommons.org/licenses/by/3.0/ (the “License”). Notwithstanding
the ProQuest Terms and Conditions, you may use this content in accordance
with the terms of the License.



	Introduction 
	Results 
	Preparation of LNPs Encapsulating miRNAs 
	LNPs Encapsulating miRNAs Impair Proliferation of Melanoma Cell Lines Sensitive or Rendered Resistant to MAPKi 
	LNPs Carrying Therapeutic miRNAs Effectively Overexpress miR-204-5p and miR-199b-5p in Melanoma Cells and in Turn Inhibit Their Target Oncogenes Bcl-2 and VEGF-A 
	Therapeutic LNPs Potentiate MAPKi Action on BRAF-Mutant Melanoma Cell Growth 

	Discussion 
	Materials and Methods 
	Materials 
	Preparation of LNPs Encapsulating miRNAs 
	LNPs-miRNAs Characterization, Size and Polydispersity Index 
	Zeta Potential of LNPs 
	Lipid Dosage in LNPs 
	miRNA Encapsulation 
	Cell Lines and Treatments 
	Antibodies and Reagents 
	VEGF-A Detection 
	Western Blot Analysis 
	RNA Extraction and Real-Time 
	Cell Viability 
	Statistical Analyses 

	Patents 
	References

