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Abstract 

BRAF inhibitors were approved for the treatment of BRAF-mutant melanoma. However, most patients acquire the resistance to BRAF 

inhibitors after several months of treatment. miR-524-5p is considered as a tumor suppressor in many cancers, including melanoma. 
In this study, we investigated the biological functions of miR-524-5p in melanoma with acquired resistance to BRAF inhibitor and 

evaluated the endogenous miR-524-5p expression as a biomarker for melanoma. The results showed that the expression of miR-524- 
5p was 0.481-fold lower in melanoma tissues ( n = 117) than in nevus tissues ( n = 40). Overexpression of miR-524-5p significantly 
reduced proliferative, anchorage-independent growth, migratory and invasive abilities of BRAF inhibitor-resistant melanoma cells. 
Moreover, the introduction of miR-524-5p led to a reduced development of BRAF inhibitor-resistant melanoma in vivo. Remarkably, 
the MAPK/ERK signaling pathway was decreased after treatment with miR-524-5p. Furthermore, next-generation sequencing analysis 
implied that the complement system, leukocyte extravasation, liver X receptor/retinoid-X-receptor activation, and cAMP-mediated 

signaling may be related to miR-524-5p-induced pathways in the resistant cells. The miR-524-5p level was higher on average in 

complete response and long-term partial response patients than in progressive disease and short-term partial response patients treated 

with BRAF inhibitors. Our results proposed that miR-524-5p could be considered as a target for treatment BRAF inhibitor-resistant 
melanoma and a prognostic marker in the response of patients to BRAF inhibitors for melanoma. 
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Background 

The MAPK/ERK pathway is commonly activated in many cancers,
especially in melanoma [1] . It was reported that 50% to 70% of BRAF
mutations occur in melanoma [2] . Over 80% of BRAF mutations are
caused by the substitution of valine (V) with glutamic acid (E) at codon
600 (BRAF 

V600E ). Therefore, BRAF 

V600E inhibitors (BRAF inhibitors)
are an important therapeutic strategy for the treatment of BRAF 

V600E 

melanoma. BRAF inhibitors have the ability to reduce proliferation and
induce apoptosis in melanoma through inhibition of BRAF 

V600E and
downstream MAPK/ERK signaling [3] . Two BRAF inhibitors, PLX4032
(vemurafenib), GSK2118436A (dabrafenib), were approved by the U.S. Food
and Drug Administration for the treatment of BRAF-mutant melanoma
[4 , 5] . However, despite initially impressive responses, most patients treated
with vemurafenib develop acquired resistance after a relatively short period
[6] . In 2018, LGX818 (encorafenib) is a new BRAF inhibitor approved
by the U.S. Food and Drug Administration for use in combination with
binimetinib (MEK inhibitor) [7 , 8] . Although the combination of dabrafenib
and trametinib, a MEK1/2 inhibitor, can increase the overall response rate
and progression-free survival, relapse still occurs [9 , 10] . A few studies have
focused on identifying markers of the response to BRAF or MEK inhibitors.
The circulating-free DNA of BRAF 

V600E and MMP9 levels have been
considered as monitoring tools for treatment responses to BRAF inhibitors
[11–13] . However, BRAF 

V600E cell-free DNA was decreased by treatment
with a BRAF inhibitor, and MMP9 expression was only observed to be
associated with early stages of melanoma patients [13 , 14] . Hence, there is
a clear need for investigation of the effective monitoring and prognostic
markers to predict the response to BRAF inhibitors. 

The mechanisms of BRAF inhibitor resistance are caused by BRAF 

V600E 

amplification or alternative splicing, NRAS mutation, MEK1 or MEK2
mutations, COT upregulation, hyperactive RTK such as PDGFR-
β and IGF1-R and activation of the PI3K/AKT pathway [6 , 15–21 ].
Several large-scale studies have revealed the roles of miRNAs in melanoma
progression. A number of studies have already reported the contribution
of miRNAs to the resistance to BRAF inhibitors in melanoma [22–25] .
miR-200c was demonstrated to modulate epithelial–mesenchymal transition,
resulting in acquired resistance to BRAF inhibitor, while overexpression of
miR-200c reduced the growth of BRAF inhibitor-resistant melanoma cells
[22] . miR-125a, miR-204-5p, and miR-211-5p have been shown to enhance
BRAF inhibitor resistance through the MAPK and PI3K/AKT pathways
[23 , 24] . Moreover, miR-7 suppressed the resistance to BRAF inhibitors by
targeting EGFR/IGFR-1R/CRAF [25] . miR-524-5p has been demonstrated
to suppress the growth of not only melanoma but also glioma, gastric cancer,
pituitary adenomas, and thyroid cancer [26–32] . Interestingly, PTEN of
the PI3K/AKT pathway and BRAF and ERK2 of the MAPK pathway are
direct targets of miR-524-5p [32 , 33] . Furthermore, it has been reported that
miR-524-5p promotes mesenchymal-to-epithelial transition by targeting the
EMT-associated genes ZEB2 and SMAD4 [34] . In this study, we investigated
the functions of miR-524-5p in BRAF inhibitor resistance, and we assessed
whether miR-524-5p could severe as a prognostic marker for the response of
melanoma patients to BRAF inhibitors. 

Methods 

Human specimens 

A total of 207 tissues were evaluated in this study. 16 melanoma tissues and
22 nevus tissues were collected from melanoma patients at Landseed Hospital,
and 20 melanoma tissues were collected from the patients at Saint Paul’s
Hospital. Two tissue arrays were purchased from US Biomax (Rockville, MD,
USA) and Pantomics, Inc. (San Francisco, CA). ME1004C array contained
61 malignant melanoma, 20 metastatic melanoma, and 18 benign nevi, and
EL961 array as a test group contained 36 tissues of malignant melanoma 
nd 4 benign nevi. Ten tissues of melanoma patients treated with BRAF 

nhibitor alone or in combination with MEK inhibitor were collected from 

umamoto University Hospital, Japan. The study was agreed by the ethics 
ommittees of Landseed Hospital (IRB-14-005-B1), Saint Paul’s Hospital 
IRB-SPH-10502-01), and Kumamoto University Hospital (IRB-1452). 

ell culture 

A375 (BRAF 

V600E melanoma) and normal human epidermal melanocytes 
ell lines were purchased from American Type Culture Collection and 
romoCell, respectively. SK-Mel-19 cells (BRAF 

V600E melanoma) were 
indly provided by Dr. Neal Rosen (Memorial Sloan-Kettering Cancer 
enter). Melanoma cells resistant to PLX4032, BRAF inhibitor (named as 
375-R and SK-Mel-19-R) were established by treating parental melanoma 
ells (SK-Mel-19 and A375 cells) with increasing concentrations of the 
LX4032. A375 and A375-R cells, and SK-Mel-19 and SK-Mel-19-R 

ells were maintained in Dulbecco’s modified Eagle medium and RPMI- 
640 medium (HyClone Lab., Logan, UT, USA) supplemented with 
0% fetal bovine serum (FBS; HyClone Lab., Logan, UT, USA) and 
0 U/mL penicillin and 50 μg/mL streptomycin, respectively. Normal human 
pidermal melanocytes cells were maintained in Melanocyte media M2 
upplemented with 10% FBS and SupplementMix (PromoCell, Heidelberg, 
ermany). These cells were incubated in a humidified chamber with 5% CO 2 

t 37 °C and were mycoplasma free. 

n situ hybridization and immunohistochemistry 

For in situ hybridization (ISH), hsa-miR-524 probes were labeled 
y double DIG 

∗-labeled miRCURY LNA miRNA (Exiqon, Vedbaek, 
enmark). All steps were performed as described previously [35] . 

For immunohistochemistry (IHC), the slides were deparaffinized with 
ylene and rehydrated with a decreasing concentration of ethanol. After the 
nactivation of endogenous peroxidase, the slides were blocked with 2.5% 

orse serum for 1 h at room temperature. The primary antibody, phospho- 
EK1/2 (Cell Signaling Technology, Danvers, MA, USA), incubation was 

erformed at 4 °C overnight. After incubation with secondary antibody from 

mmPRESS universal polymer kit (Vector Laboratories, CA, USA) for 1 h at 
oom temperature, ImmPACT VIP substrate kit (Vector Laboratories, CA, 
SA) was used for antibody detection. The counter was stained with Gill’s 
ematoxylin. Finally, the tissue sections were dehydrated and air-dried. 

After staining, images of slides were captured by a light microscope 
quipped with a camera. The expression of miR-524-5p and phospho- 

EK1/2 in the slides was evaluated by 2 pathologists following the Allred 
coring system as described previously [35] . 

estern blot 

Protein was extracted by NP-40 lysis buffer and then followed the protocol 
s described previously [32] . GAPDH, phospho-ERK1/2 (Thr202/Tyr204), 
otal-ERK1/2, phospho-MEK1/2 (Ser221), total-MEK1/2, phospho-RSK 

Ser380), phospho-Akt (Ser473), phospho-Akt (Thr308), and total-AKT 

ere purchased from Cell Signaling Technology, and BRAF was purchased 
rom Santa Cruz Biotechnology (CA, USA). 

RT-PCR 

Total RNA was extracted by mirVanaTM microRNA Isolation Kit 
Ambion, Thermo Fisher Scientific, MA, USA). All steps were followed by 
he manufacturer’s guidance. RNU6 and miR-524-5p TaqMan MicroRNA 

ssays were synthesized from Applied Biosystems. RNU6 was used as a 
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normalized control to quantify the expression of miR-524-5p by ��Ct
method. 

Cell proliferation assay 

Cell proliferation was detected by AlamarBlue assay (Invitrogen, Carlsbad,
CA). Synergy HT (Biotek, VT, USA) was used to measure the signals at
excitation wavelengths of 530 to 560 nm and an emission wavelength of
590 nm. 

Soft agar assay 

Cells were seeded into 12-well plates containing 2 layers of different agar
concentrations (0.6% agar in the bottom layer, 0.3% agar in the top layer).
The soft agar assay was performed for 3 to 4 wk and the complete medium
was added every 3 d. The colonies were photographed by a microscope. 

Wound healing assay 

Cells were seeded in 6-well plates inserted a chamber (ibidi) and treated
with actinomycin D (10 ng/mL) to suppress cell proliferation. The cell
migration was recorded by a microscope at different time points. 

Migration and invasion assays 

Migration and invasion assays were performed by using 24-well Transwell
plates (8 μm pore size, Corning, NY, USA). The cell suspension in the culture
medium without FBS was seeded onto the membrane of Transwells and
Matrigel-coated Transwells to perform the migration and invasion assays,
respectively. The lower chambers were filled with the complete medium
containing FBS. After 48 h, the Transwells were incubated in 0.1% crystal
violet to stain the cells. Nonmigrated or noninvasive cells on the upper layers
of the Transwells were removed by a cotton swab. Stained the migratory and
invasive cells located on the bottom layers of the Transwells were scanned by
EPSON V750 PRO scanner. ImageJ 1.47 software (NIH, Bethesda, MD,
USA) was used to quantify the results. 

Xenograft 

The experimental protocol was performed under the acceptance of
Animal Ethics Committee of Academia Sinica and National Central
University (Taiwan). About 5 × 10 5 A375-R cells were seed in 10-cm
culture dishes. After 24 h, the negative control (NC) or miR-524 plasmid
were transfected into the cells. Six-week-old male nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) mice (impaired T and B cell
lymphocyte development and deficient natural killer cell function) were
included in the study. Mice were anaesthetized via intraperitoneal injections.
At 48 h of post-transfection, 100 μL of the cell suspension overexpressing
the NC or miR-524-5p were injected subcutaneously into the left or the
right flanks of the mice ( n = 6), respectively. The total 6 mice were kept in
a standard ventilated cage in the specific-pathogen-free (SPF) room. When
the tumors reached 1000 mm 

3 (36 d postinjection), the mice were killed by
carbon dioxide inhalation followed by the collection of tumors. 

Next-generation sequencing and ingenuity pathway analysis 

Total RNA was extracted from the cells by mirVanaTM microRNA
Isolation Kit (Ambion) and sent to Genomics BioSci & Tech. (Genomics,
New Taipei City, Taiwan) for RNA-seq analysis by Illumina. Low qualify
reads were filtered out, and the remaining reads were aligned to human genes
by using Bowtie2. Gene expression was estimated by RNA-Seq by expectation
aximization and recorded in fragments per kilobase of exon per million
ragments mapped. 

The data of next-generation sequencing (NGS) were analyzed by 
ngenuity pathway analysis (IPA). The fold change of gene expression
f A375-R versus A375 or A375-R-miR-524-5p versus A375-R-NC was 
alculated. Then, the data were input into IPA, and a fold change of 2 was
et as a cut-off. Expression analysis in the core analysis module was selected
o analyzed canonical pathways. 

tatistical analysis 

The data were shown as the mean ± S.D. Student t test (2-tailed) was used
o calculate the differences between 2 groups. Mann–Whitney test was used
o analyze the difference between groups in vivo experiments. The difference
mong human tissues was evaluated by χ 2 test. The significant differences
ere considered at P value < 0.05. GraphPad Prism software was used to

alculate the statistical analysis. Image analysis was performed using ImageJ
.47 (NIH, Bethesda, MD, USA). 

esults 

iR-524-5p expression is decreased in the melanoma tissues and related 
o the response of melanoma patients to BRAF inhibitors 

To investigate the endogenous expression of miR-524-5p in normal 
kin tissue, we analyzed its expression by ISH. It has been reported that
iR-524-5p expression is decreased in melanoma cells [32] . The results

ndicated that miR-524-5p was strongly expressed in normal skin tissue
Figure S1). Furthermore, we asked whether miR-524-5p expression is altered
etween nevus and melanoma tissues. To address this question, miR-524-
p expression was analyzed in melanoma and nevus tissues from patients
n Taiwan and in a commercial tissue array (ME1004C). The staining
core was evaluated by 2 pathologists following the Allred scoring system
 Figure 1 A) [35] . The results showed that miR-524-5p expression was 0.481-
old lower in melanoma tissues than in nevus tissues ( Figure 1 B). Next, we
nvestigated whether miR-524-5p could be a diagnostic marker of melanoma
y receiver operating characteristic curve analysis of miR-524-5p. The results
howed that the area under the curve (AUC) values of miR-524-5p were
.9078 and 0.8378 in the commercial tissue array and Taiwan patients,
espectively ( Figure 1 C). Next, another commercial tissue array (MEL961)
as used as the test group. The results showed that the AUC value of the test
roup reached 0.9757 (95% confidence interval: 0.9228–1.029). miR-524- 
p expression by ISH method could detect melanoma from nevus tissues at a
ut-off point < 2.75 with 86.1% sensitivity and 100% specificity ( Figure 1 D).
hospho-MEK1/2 is a downstream of BRAF. Therefore, the expression 
f phospho-MEK1/2 was examined by IHC and the results showed that
hospho-MEK1/2 had a lower AUC value of 0.7216 in Taiwan patients
ompared with the AUC values of miR-524-5p ( Figure 1 C). These findings
bserved that the staining of miR-524-5p by ISH may be more accurately
ifferentiate between the melanoma and nevus groups than the staining of
hospho-MEK1/2. 

There is no good prognostic marker for clinical responses to BRAF
nhibitor treatment. To examine whether miR-524-5p could serve as a
rognostic marker for BRAF inhibitor responses, miR-524-5p and phospho- 
EK1/2 expression levels were evaluated in 10 human melanoma clinical

amples by ISH and IHC assays, respectively. All patients carried BRAF 

V600E ,
nd the tissues were collected before the patients were treated with BRAF
nd MEK inhibitors, or BRAF inhibitor only (Table S1). Ten patients
ere collected and assessed by response evaluation criteria in solid tumors

RECIST version 1.1). The partial response patients were categorized into
 groups based on the duration of the response to BRAF inhibitor. The
artial response patients with a duration response longer than 12 mo were
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Figure 1. miR-524-5p expression is decreased in melanoma tissues and related to the response of melanoma patients to BRAF inhibitors. (A) Staining of 
miR-524-5p in nevus and melanoma specimens by ISH. (B) Box-whisker plots (left) and the percentage (right) of miR-524-5p expression in 117 melanoma 
and 40 normal nevus tissues from Taiwan hospitals and a commercial tissue array. ∗∗∗P value < 0.001, χ 2 test. (C) The receiver operating characteristic curve 
of miR-524-5p and phospho-MEK1/2 in Taiwan patients ( n = 58; 22 nevus and 36 melanoma tissues) and a commercial tissue array (ME1004C: n = 99; 
18 nevus and 81 melanoma tissues). (D) Left panel: The receiver operating characteristic curve of miR-524-5p from the test set (MEL961: n = 40; 4 nevus 
and 36 melanoma tissues). Right panel: The histogram shows the accuracy of the sensitivity and specificity from the test set. (E) Representative images and 
the percentage of miR-524-5p and phospho-MEK1/2 expression in melanoma patients before treatment with BRAF inhibitor alone or in combination with 
MEK inhibitor. Blue and purple colors indicate the staining of miR-524-5p and phospho-MEK1/2, respectively. miR-524-5p and pMEK1/2 signals were 
observed in the cytoplasm. Brown color indicates melanin by its pigmentation. CR, complete response; LTPR, long-term partial response; PD, progressive 
disease; STPR, short-term partial response. Bar = 20 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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categorized as having a long-term partial response, and those with a duration
response shorter than or equal to 12 mo were categorized as having a short-
term partial response. The results showed that the miR-524-5p expression
level was higher in the group of complete response and long-term partial
response patients than in the group of progressive disease and short-term
partial response patients ( Figure 1 E and Figure S2). However, there was no
difference in the expression of phospho-MEK1/2 expression between these
groups ( Figure 1 E and Figure S2). In the limitation of small sample size,
these findings proposed that miR-524-5p expression has a possibility to be
considered as a prognostic marker for melanoma patients treated with BRAF

inhibitors. i
haracterization of PLX4032-resistant melanoma cells 

It has been reported that miR-524-5p can reduce melanoma growth and 
hus the functions of miR-24-5p in BRAF inhibitor-resistant melanoma 
ere further investigated [32] . We first established melanoma cells resistant 

o PLX4032, a BRAFV600E inhibitor, by treating BRAF 

V600E mutant 
elanoma cells (SK-Mel-19 and A375 cells) with increasing concentrations 

f the PLX4032 (up to 4 μM). To examine the characteristics of the resistance
o PLX4032, the cells were treated with PLX4032 at serial concentrations and 
hen analyzed for cell proliferation. The IC50 values were significantly higher 
n the resistant cells (SK-Mel-19-R cells: IC50 = 4.56 μM; A375-R cells: 
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Figure 2. Characterization of PLX4032-resistant melanoma cells. (A) IC50 curves of the parental (SK-Mel-19 and A375 cells) and resistant cells (SK-Mel- 
19-R and A375-R cells) by treatment with PLX4032 at serial concentrations. After 72 h of PLX4032 treatment, cell survival was measured by AlamarBlue 
assay. (B) Seven-day colony formation assay of the parental and resistant cells treated with increasing concentrations of PLX4032. (C, D) Western blot of the 
parental and resistant cells treated with increasing concentrations of PLX4032 for 6 h (C) or treated with PLX4032 at 1 μM for 0, 6, 12, 24, and 48 h (D). 
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IC50 = 7.57 μM) than in the parental cells (IC50 = 0.1 μM; Figure 2 A).
These results indicated that the resistant cells required approximately 45- to
75-fold higher concentrations of PLX4032 were needed to inhibit the growth
of the resistant cells. In addition, colony formation assays were performed
in the presence of different concentrations of PLX4032 to confirm these
resistant cell models. The colonies of the resistant cells were slightly reduced
at 4 μM of PLX4032 while the parental cell growth was strongly inhibited at
0.2 μM of PLX4032 ( Figure 2 B). 

Previous studies indicated that the PLX4032-resistant melanoma
displayed persistence of the MAPK/ERK pathway [17 , 36] . Therefore, the
activity of the MAPK/ERK pathway in both resistant cells was analyzed by
western blot. As expected, the MAPK/ERK pathway activity in PLX4032-
resistant cells was strongly increased compared to that in the parental cells in a
dose- and time-dependent manner ( Figure 2 C, D). The above data suggested
that PLX4032-resistant melanoma cells were successfully constructed. 

NGS was performed to analyze the transcriptomes of the parental and
resistant cells. Genes related to cell proliferation and metastasis including
JUN, FOSL1, GLI1, and MMP9 were more highly expressed in the resistant
cells than in the parental cells, and similar results have been observed in other
studies (Figure S3) [6 , 37] . Moreover, we further analyzed pathways involved
in the resistance to BRAF inhibitor by IPA software. A total of 21 pathways
were significantly altered between the resistant and parental cells ( P value
≤0.01), of which 11 pathways were reduced and 10 pathways were increased
n the resistant cells (Figure S4). Altogether, 21 novel pathways contributed
o the resistance to BRAF inhibitor in melanoma. 

iR-524-5p decreases proliferation, colony formation, and 
nchorage-independent growth of PLX4032-resistant melanoma cells 

After establishing the resistant cells, we examined the expression of
iR-524-5p in the melanocyte, parental, and resistant melanoma cells. As

xpected, quantitative reverse transcription polymerase chain reaction (qRT- 
CR) analysis showed that miR-524-5p expression was reduced in melanoma
ells compared to melanocyte cells ( Figure 3 A). miR-524-5p expression was
ower in the resistant cells than in the parental cells, indicating that miR-524-
p may be involved in preventing BRAF inhibitor resistance ( Figure 3 B). To
tudy the functions of miR-524-5p in the progression of PLX4032-resistant
elanoma cells, miR-524-5p mimic or NC was transfected into the resistant

ells, and PLX4032 was used as a positive control. The results showed that
iR-524-5p overexpression strongly reduced the proliferation in the resistant 

ells, as demonstrated by AlamarBlue and colony formation assays ( Figure 3 B,
). Next, the effects of miR-524-5p on anchorage-independent growth of

he resistant cells were analyzed by soft agar assay. The number and size of
he colonies in the resistant cells were significantly reduced by miR-524-5p
n both SK-Mel-19-R and A375-R cells ( Figure 3 D). Taken together, these
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Figure 3. miR-524-5p reduces the growth of PLX4032-resistant melanoma cells. (A) miR-524-5p expression in melanocyte (NHEM), parental and resistant 
cells. The expression of miR-524-5p was analyzed by qRT-PCR. (B–D) The parental and resistant cells were treated with PLX4032 (0.5 μM) or transfected 
with negative control (NC) or miR-524-5p (20 nM in SK-Mel-19-R cells; 40 nM in A375-R cells) to perform the following functional assays. (B) Proliferation 
was detected by AlamarBlue assay after 72 h. (C) The colony formation assay was performed for 7 d and the purple dots represent cell colonies. (D) Anchorage- 
independent growth in soft agar was assessed for 3 to 4 wk after transfection (upper panel; bar = 100 μM). The colony size was observed under a microscope 
and the relative number of colonies was calculated (lower panel). The quantification data are reported as the mean ± SD of 3 independent experiments ( n = 3). 
Student t test: ∗P value < 0.05, ∗∗P value < 0.01, ∗∗∗P value < 0.001. 
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results suggested that miR-524-5p reduced the proliferation and anchorage-
independent growth of the resistant melanoma cells. 

miR-524-5p reduces the migration and invasion of PLX4032-resistant 
melanoma cells 

To investigate the effects of miRNA-524-5p on the migratory and
invasive ability of PLX4032-resistant melanoma cells, wound healing and
Transwell assays were performed to analyze the cell migration and invasion.
Overexpression of miR-524-5p strongly reduced the migratory function by
decreasing the wound closing at 72 h in SK-Mel-19-R cells and at 24 h in
375-R cells ( Figure 4 A). To confirm the role of miR-524-5p in the migration
f PLX4032-resistant melanoma cells, a Transwell assay was performed. 
imilarly, the migration of the resistant cells that had migrated to the bottom
f the Transwell was highly reduced by approximately 80% to 90% in 
ells transfected with miR-524-5p compared to the NC cells ( Figure 4 B).
ext, to investigate the effects of miR-524-5p on cell invasion, a Transwell 

ssay was performed in which the Transwell membrane was coated with 
atrigel. The resistant cells overexpressing miR-524-5p exhibited decreased 

he invasion by approximately 85% compared with those expressing the NC 

 Figure 4 C). Collectively, these results suggested that miR-524-5p attenuated 
he migration and invasion of the resistant melanoma cells. 
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Figure 4. miR-524-5p reduces the migration and invasion of PLX4032-resistant melanoma cells. (A) Wound healing assays were performed to assess the 
cell migration at the indicated time points. (B, C) Representative images of Transwells (upper panel) and the quantification data (lower panel) after 72 h of 
transfection in cell migration (B) and invasion assays (C). The quantification data are reported as the mean ± SD of 3 independent experiments ( n = 3). 
Student t test: ∗P value < 0.05, ∗∗P value < 0.01, ∗∗∗P value < 0.001. 
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miR-524-5p modulates multiple signaling pathways in 

PLX4032-resistant melanoma cells 

As mentioned, activation of the MAPK/ERK and PI3K/AKT pathways is
common mechanisms of BRAF inhibitor resistance. Therefore, we examined
the influence of miR-524-5p overexpression on the MAPK/ERK and
PI3K/AKT pathways in the resistant cells. We observed that overexpression of
miR-524-5p led to inactivation of MEK1/2 and ERK1/2 in the MAPK/ERK
pathway in both resistant cells ( Figure 5 ). miR-524-5p slightly reduced
the phosphorylation of AKT (Ser473) in the PI3K/AKT pathway slightly
in SK-Mel-19R cells but not in A375-R cells. These findings indicated
that miR-524-5p attenuated the activity of the MAPK/ERK pathway
and partially reduced the PI3K/AKT signaling in the resistant melanoma
cells. 

Furthermore, gene expression in the resistant cells transfected with
miR-524-5p (A375-R-miR-524-5p) or NC (A375-R-NC) was investigated
by NGS. Then, the NGS data were analyzed by IPA to elucidate other
mechanisms of miR-524-5p in the resistant cells by comparing gene
expression and pathways to those of the NC. The results showed that 16
pathways were altered after overexpression of miR-524-5p as compared to the
C ( P value ≤0.01; Figure S5). Interestingly, 4 pathways showed significant
ifferences in the fold changes of the z-score between the A375-R versus
375 group and the A375-R-miR-524-5p versus A375-R-NC group (Figures 
6 and S7). Notably, decrease of leukocyte extravasation, complement 
ystem, and activation of liver X receptor/retinoid-X-receptor (LXR/RXR) 
ctivation signaling was found in the resistant cells overexpressing miR-524-
p, while these signaling pathways showed the reverse trend in the resistant
ells compared to parental cells. In addition, introduction of miR-524-
p decreased the downregulation of cAMP-mediated signaling. The results 
ndicated that these pathways may be involved in the regulation of miR-524-
p in the resistant cells. 

MITF 

low has been observed in BRAF inhibitor-resistant melanoma cells. 
lteration in the expression of MITF has been linked to melanoma cell
lasticity to BRAF inhibitors [38] . The NGS data showed that MITF 

low 

evel were detected in the resistant cells compared to the parental cells. In
ddition, overexpression of miR-524-5p reversed the expression of MITF 

n the resistant cells. Then, expression of MITF was confirmed by qRT-
CR. The results were similar with the NGS data (Figure S6). This finding

ndicated that miR-524-5p may contribute to melanoma cell plasticity to
RAF inhibitors. 
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Figure 5. miR-524-5p regulates the multiple pathways in PLX4032-resistant melanoma cells. SK-Mel-19 and SK-Mel-19-R cells were treated with PLX4032 
for 48 h. A375 and A375-R cells were treated with PLX4032 for 6 h. SK-Mel-19-R cells (A) and A375-R cells (B) were transfected with negative control (NC) 
or miR-524-5p and the cell lysates were collected at 48 h after transfection for immunoblotting. 
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miR-524-5p reduces the progression of PLX4032-resistant melanoma in 

vivo 

We further determined the effect of miR-524-5p on the progression of
PLX4032-resistant melanoma in vivo. A375-R cells overexpressing miR-524-
5p or the control plasmid were subcutaneously injected into NOD/SCID
mice, followed by the observation of xenograft growth. After 36 d of injection,
the mice were sacrificed, and the tumor weight was measured. The results
showed that the overexpression of miR-524-5p in A375-R cells led to a
decrease in tumor weight ( Figure 6 A, B). miR-524-5p expression was detected
in all tumors by qRT-PCR and ISH analyses ( Figure 6 C). The average
tumor weight was decreased by approximately 40% in the miR-524-5p-
expressing group compared to the control group. These results suggested
hat overexpression of miR-524-5p attenuated the development of PLX4032- 
esistant melanoma cells in vivo. 

iscussion 

Recently, miRNAs have emerged as diagnostic markers for many cancers, 
uch as bladder cancer, oral cancer, and prostate cancer because they are quite
table [39] . About 27.2% and 25% of BRAFV600E were found in nevi and
elanoma of Taiwan patients, respectively, but miR-524-5p expression was 

ecreased in melanoma tissue. This indicated miR-524-5p could serve as a 
otential diagnostic marker of melanoma (Figure S8, right panel and data 
ot shown). Until now, there has been a lack of a potential biomarker for
he detection of the BRAF inhibitor response in melanoma. Early detection 
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Figure 6. miR-524-5p decreases PLX4032-resistant melanoma growth in vivo. A375-R cells transfected with pre-mir-524-5p or negative control (NC) plasmid 
were injected into the right or left flanks of NOD/SCID mice ( n = 6). After 36 d of injection, the tumors were collected. (A) Images of tumors after sacrifice. 
(B) The tumor weight was measured. ∗P value < 0.05, Student t test. (C) The expression levels of miR-524-5p in tumors were analyzed by qRT-PCR (left) 
and in situ hybridization (right). ∗∗P value < 0.01, Mann–Whitney test. The data are reported as the mean ± SD. 
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of the response to BRAF inhibitors can help to choose an appropriate
treatment that leads to improved patient survival. Herein, the most interesting
observation is the relationship between miR-524-5p and the BRAF inhibitor
response. It is possibility to propose that miR-524-5p may be considered as
a signature to assess the response of melanoma patients to BRAF inhibitors
or the development of BRAF inhibitor resistance ( Figure 1 E, Table S1 and
Figure S8, right panel). Since the number of patients was small in this study,
further experiments with larger samples should be included to confirm this
observation in the future study. 

It is noted that MAPK/ERK pathway was reactivated with higher activity
in the resistant cells compared to parental cells ( Figure 2 C, D). The expression
of miR-524-5p is increased when the MAPK/ERK pathway is inhibited
but is decreased when MAPK/ERK pathway is reactivated [32] . This study
observed that lower miR-524-5p expression in the resistant cells compared
to the parental cells is consistent with previous studies ( Figure 3 A). These
results indicated that miR-524-5p expression is response with the activity of
MAPK/ERK pathway. 

It has been reported that miR-7 and miR-200c expression levels are
decreased in BRAF inhibitor-resistant melanoma cells and that overexpression
of these miRNAs reversed the resistance [22 , 25] . However, the clinical
correlation between miR-7 and the development of BRAF inhibitor resistance
in melanoma patients was not investigated, and the functions of miR-200c
in resistant cells in vitro and in vivo were not determined. Our research
demonstrated that miR-524-5p overexpression led to reduce the proliferation,
anchorage-independent growth, migration, and invasion in the resistant
melanoma cells (Figure S8, left panel). miR-524-5p may attenuate the growth
of resistant melanoma through the downregulation of the MAPK/ERK and
PI3K/AKT pathways partially ( Figure 5 ). 

An unknown mechanism of the resistance was reported in more than 40%
of tumor samples, although mounting evidence related to mechanisms of
BRAF inhibitor resistance has been reported [40] . Herein, NGS data revealed
hat 21 novel pathways that might be related to BRAF inhibitor resistance
Figure S4). Reactivation of the targeted pathway or activation of alternative
athways is the reasons for drug resistance. This suggests that a therapeutic
trategy that inhibits multiple pathways is needed. 

In melanoma cells, MITF 

low or MITF 

high has been correlated with an
nvasive or proliferative phenotype [41 , 42] . The transition from the BRAF
nhibitor-sensitive phenotype (MITF 

high ) to the BRAF inhibitor-resistant 
henotype (MITF 

low ) is a mechanism to acquire the resistance [43 , 44] .
imilarly, our results showed that loss of MITF expression was shown in
he resistant cells compared to the parental cells (Figure S6). NGS and
PA analysis revealed that miR-524-5p alters multiple pathways (Figures 
5, S6, and S7). Interestingly, we observed that cAMP-mediated signaling 
as enhanced in resistant cells transfected with miR-524-5p. MITF is a
ownstream transcription factor of cAMP-mediated signaling [45 , 46] . Our
esults showed that miR-524-5p expression led to increased MITF in the
esistance cells (Figure S6). Interestingly, activation of the MAPK/ERK 

r PI3K/AKT pathway led to increased expression of GLI1 and MMP9
47 , 48] . A previous study also reported that GLI1 inhibition can restore the
ensitivity of melanoma cells to BRAF inhibitors and was associated with
he decreased invasion and MMP2/9 expression [49] . MMP9 promoted the
nvasion of melanoma, and high expression of MMP9 was observed in the

elanoma patients carrying BRAF 

V600E [50] . Our data showed that high
xpression of 2 invasion-related genes, GLI1 and MMP9, was shown in the
esistant cells compared to the parental cells, and miR-524-5p expression
educed their expression levels (Figure S7 and data not shown). Collectively,
hese findings indicated that the invasive phenotype was acquired toward
RAF inhibitor resistance in melanoma cells. Enrichment of epithelial–
esenchymal transition, migration, invasion, and mesenchymal signature 

ontributes to BRAF inhibitor resistance [22 , 44 , 51] . Better understanding
f the molecular mechanisms of resistance will provide more benefits for the
dentification of novel therapeutic strategies for treating melanoma patients. 
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RXR and LXR are classified as type II nuclear receptors. Loss of
retinoid receptors was shown to be involved in melanoma progression and
activation of LXR β reduced melanoma and the resistance of melanoma
to PLX4032 [52 , 53] . Our data showed that LXR/RXR activation was
upregulated by overexpression of miR-524-5p in the resistant melanoma
cells. Moreover, it has reported that IL-8 and leukocyte extravasation are
highly expressed in melanoma and promote melanoma metastasis [54–56] .
The complement system induces anaphylatoxin, which increases neutrophil
extravasation, and the lack of C3aR, the receptor of a key complement
protein, led to attenuation of melanoma growth [57 , 58] . The effects of
miR-524-5p expression on decrease of leukocyte extravasation signaling and
the complement system have been demonstrated. Recently, tumor-associated
macrophages were demonstrated to contribute to BRAF or MEK inhibitor
resistance in melanoma [59 , 60] . These bioinformatic data raised the question
whether immune response plays a modulator of the resistance to BRAF
inhibitors in melanoma, which may be affected by the introduction of miR-
524-5p. In this regard, it will be important to further explore this concept. 

In summary, this study reported the novel functions of miR-524-5p in
BRAF inhibitor-resistant melanoma. These findings suggested a potential
approach for preventing PLX4032-resistant melanoma by miR-524-5p
expression. More importantly, this study emphasized the utility of miRNAs
not only to develop a new therapeutic strategy for melanoma but also to
identify novel and potential biomarkers related to resistance to targeted
therapy. mmc1.docx 
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