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The BRAFV600E mutation is associated with melanoma development and its detection
in circulating-free DNA cannot be observed in all melanoma patients harboring this
mutation in tumor specimens. Beside the circulating-free DNA BRAFV600E mutation,
other markers of therapeutic response should be identified. Matrix metalloproteinase-9
(MMP-9) could be one of them as its role as indicator of invasiveness in melanoma
have been explored. In this study, MMP-9 was evaluated in melanoma cells after
treatment with dabrafenib. In vitro data were validated in 26 melanoma patients, of
which 14 treated with BRAF inhibitor alone and 12 treated with both BRAF and MEK
inhibitors, by ELISA assay and droplet digital PCR for measuring MMP-9 serum levels
and circulating-free DNA BRAFV600E mutation, respectively. Statistical analyses were
performed to evaluate the prognostic significance of MMP-9, progression-free survival
(PFS) and overall survival (OS) according to the BRAFV600E mutation and MMP-9
levels. The performed analyses showed that MMP-9 and pEKR1-2 were statistically
down-regulated in melanoma cells after treatment with dabrafenib. Circulating-free
DNA BRAFV600E mutation was detected in 11 out of 26 melanoma patients showing
higher levels of MMP-9 compared to those with undetectable BRAFV600E mutation.
Furthermore, higher levels of MMP-9 and circulating-free DNA BRAFV600E mutation
were associated with lower PFS and OS. Finally, the monitoring of therapy showed
that MMP-9 significantly decreased at T1 and T2, but not at T-last, for the patients
with detectable circulating-free DNA BRAFV600E mutation. In conclusion, high levels of
MMP-9 and circulating-free DNA BRAFV600E mutation are associated with poor PFS
and OS. MMP-9 may represent a promising indicator of response to BRAF inhibitors in
combination with the detection of BRAFV600E mutation.
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INTRODUCTION

In the last decade, the treatment of melanoma has been
revolutionized by the introduction in the therapy of several
pharmacological molecules. In particular, with the recent
introduction of the immune checkpoint inhibitors and the
new selective tyrosine kinase inhibitors, including BRAF and
MEK inhibitors, there has been a significant improvement
in the progression-free survival (PFS) and overall survival
(OS) of patients with melanoma (Spagnolo et al., 2016;
Ugurel et al., 2017). Despite these promising results, a part
of patients develops pharmacological resistance significantly
reducing the effectiveness to these treatments (Sandri et al.,
2016; Kalal et al., 2017). Several studies showed a very
high mortality rate for cutaneous melanoma ranging from
2.17 to 2.7 per 100,000 persons (McCourt et al., 2014;
Tejera-Vaquerizo et al., 2016; Brunssen et al., 2017). This
high mortality rate is mainly linked to the aggressiveness
of cutaneous melanomas (Mathieu et al., 2012), to the
development of drug resistance (Lim et al., 2017) and to
their high invasive and metastatic powers (Aladowicz et al.,
2013).

It was demonstrated that CM invasiveness is mainly due
to the over-expression of several proteases, including matrix

metalloproteinases (MMPs) (Hofmann et al., 2000; Saladi et al.,
2010; Sandri et al., 2016). In particular, a fundamental role is
played by Matrix Metalloproteinase 9 (MMP-9) that promoted
melanoma invasiveness and spreading via the degradation of
several components of the extracellular matrix (Lu et al., 2011;
Tang et al., 2013; Shi et al., 2014; Guarneri et al., 2017). Of note,
the MMP-9 expression is regulated by several molecular pathways
(Gordon et al., 2009; Wu et al., 2015) and its over-expression
is associated to epigenetic events (Falzone et al., 2016b) and to
the aberrant activation of the Ras-Raf-MEK-ERK, MAPK and
PI3K/PTEN/AKT/mTOR signaling pathways (Dange et al., 2015;
Shi et al., 2015). In addition, the MMP-9 expression is also
regulated by several miRNAs (Falzone et al., 2016a; Yang et al.,
2017).

Several point mutations affect key genes involved in the
regulation of these pathways altering the cellular homeostasis
resulting in cell proliferation, apoptosis prevention and tumor
invasion (Zhang et al., 2016; Liu et al., 2017). Among these
point mutations, BRAFV600E represents the most frequent
alteration observed in melanoma (Forbes et al., 2017) and
many scientific evidences suggest that BRAFV600E mutation is
associated with the over-expression of MMP-9 in several tumor
types, including melanoma (Mesa et al., 2006; Frasca et al.,
2008; Guarneri et al., 2017). Other mutations may occur in

TABLE 1 | Distribution of 28 patients with melanoma according to socio-demographic and clinical characteristics.

All Cancer progression Vital status

No Yes Alive Dead

n (%) n (%) n (%) n (%) n (%)

Sex

Man 14 (50.0) 2 (40.0) 12 (52.2) 4 (44.4) 10 (52.6)

Woman 14 (50.0) 3 (60.0) 11 (47.8) 5 (55.6) 9 (47.4)

Fisher test p = 1.000 p = 1.000

Age at treatment initiation (years)

<45 11 (39.3) 2 (40.0) 9 (39.1) 5 (55.6) 6 (31.6)

45–59 10 (35.7) 1 (20.0) 9 (39.1) 1 (11.1) 9 (47.4)

≥60 7 (25.0) 2 (40.0) 5 (21.7) 3 (33.3) 4 (21.1)

Fisher test p = 0.824 p = 0.195

Melanoma type

S.P.I. 6 (21.4) 1 (20.0) 5 (21.7) 2 (22.2) 4 (21.1)

Cutaneous 22 (78.6) 4 (80.0) 18 (78.3) 7 (77.8) 15 (79.0)

Fisher test p = 1.000 p = 1.000

Stage

M1a 7 (25.9) 2 (20.0) 5 (22.7) 2 (22.2) 5 (27.8)

M1b 4 (14.8) 1 (10.0) 3 (13.6) 2 (22.2) 2 (11.1)

M1c 16 (59.3) 2 (20.0) 14 (63.6) 5 (55.6) 11 (61.1)

Fisher test p = 0.502 p = 0.726

Therapy

Monotherapy 15 (57.7) 1 (20.0) 14 (60.9) 4 (44.4) 11 (57.9)

Combo 13 (42.3) 4 (80.0) 9 (39.1) 5 (55.6) 8 (42.1)

Fisher test p = 0.153 p = 0.689

LDH

<480 17 (80.0) 4 (80.0) 13 (56.5) 6 (66.7) 11 (57.9)

≥480 11 (20.0) 1 (20.0) 10 (43.5) 3 (33.3) 8 (42.1)

Fisher test p = 0.620 p = 1.000
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NRAS, TERT, PTEN and, less frequently, PIK3CA (Zhang et al.,
2016).

The identification of these mutated genes allowed to develop
new therapeutic approaches using selective inhibitors for such
altered proteins. Promising results were achieved by the
treatment with BRAF inhibitors alone or in combination with
MEK inhibitors (Chen et al., 2017; Russo et al., 2017). However,
the identification of effective biomarker of therapeutic response
is still lacking (Masucci et al., 2017; Branca et al., 2018; Ross et al.,
2018; Veenstra et al., 2018).

It has been demonstrated that circulating-free DNA analysis
allows to characterize the molecular features of tumors. The
analysis of circulating-free DNA may be used to identify directly
in serum or plasma BRAFV600E mutated clones and establish the
efficacy of the treatments and the tumor aggressiveness (Schreuer
et al., 2016; Herbreteau et al., 2017; Quéreux et al., 2017).

However, the reduction of circulating-free DNA BRAFV600E

mutated clones, followed by the treatment with BRAF inhibitors,
was not directly associated with clinical efficacy (Ascierto
et al., 2013; Schreuer et al., 2016). Therefore, there is a
need to identify new markers that can be associated with the
MAPK pathway modulation as consequence of BRAF inhibitors
treatment. Among these, MMP-9 may be a right marker
candidate easily detected in the peripheral blood samples from
melanoma patients. Moreover, MMP-9 was demonstrated to be a
marker of aggressiveness in several tumors, including melanoma
(Falzone et al., 2016b; Zhang et al., 2016); while, its role as
an indicator of therapeutic response was not fully investigated
yet.

On these bases, in the present study functional experiments
were performed using melanoma cell models to confirm the
correlation between MMP-9 expression and MAPK pathway

FIGURE 1 | Dabrafenib treatment of A375 cell line. MMP-9 expressionlevels were evaluated by qPCR (A) and ELISA Assay (B) in A375 cell line treated with
increasing doses of dabrafenib (0.125, 0.25, 0.5, 1, and 2 nM) for 48 h. pERK and total ERK protein levels were evaluated by Western blot analysis after treatment
with dabrafenib for 12, 24, and 48 h (C,D). The statistical significance of the two-tailed Student’s t-test was referred to the control. ∗p < 0.05; ∗∗p < 0.01.
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FIGURE 2 | Dabrafenib treatment of A2058 cell line. A2058 cell line was treated with different doses of dabrafenib (2, 4, 8, 16, and 32 nM) for 12, 24, and 48 h.
Real-Time PCR (A) and ELISA assay (B) were performed to evaluate MMP-9 expression levels of A2058 after 48 h of treatment. pERK and total ERK protein levels in
A2058 cells treated with dabrafenib at 12, 24, 48 h were evaluated by Western blot (C,D). The statistical significance of the two-tailed Student’s t-test was referred
to the control. ∗p < 0.05; ∗∗p < 0.01.

modulation during the treatment with BRAF inhibitors.
Validation of in vitro data were assessed in peripheral blood
samples from melanoma patients analyzing MMP-9 levels
according to the presence of circulating-free DNA BRAFV600E

mutation.

MATERIALS AND METHODS

Cell Lines and Treatment
The A375 and A2058 melanoma cell lines were purchased from
ATCC (Rockville, MD, United States). Both cell lines were
cultured in RPMI-1640 medium supplemented with L-glutamine
(2 mmol/L), penicillin (100 IU), streptomycin (100 µg/ml) and
10% fetal bovine serum (FBS) (all provided from GIBCO TM)
and grown in humidified incubator (5% CO2) at 37◦C. The cell
lines were seeded in 60 mm cell-culture dishes (Thermo Fisher

Scientific Inc., Waltham, MA, United States) at a density of
300,000 cells/well and 400,000 cells/well for A375 and A2058,
respectively.

A375 cells were treated with dabrafenib (dissolved in DMSO)
(cat. n. S2807 - Selleckchem, United States) at the concentration
of 2, 1, 0.5, 0.25, 0.125 nM, whereas A2058 cells were treated with
32, 16, 8, 4, 2 nM of dabrafenib. DMSO was used as control. Both
cell lines were treated for 12, 24, and 48 h.

Dabrafenib resistant A375 cells were obtained by culturing the
cells with growing concentration of dabrafenib (up to 70 nM) for
2 months. Parental A375 and resistant A375 cells both untreated
and treated with 70 nM dabrafenib were seeded in triplicate in
60 mm cell-culture dishes for 48 h.

For each cellular condition, conditioned supernatants were
collected and cleaned up from debris by centrifugation. Adherent
cells were collected by scraper after washing once in cold 1X
DPBS GIBCO TM (cat. n. 14190250 - Thermo Fisher Scientific
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FIGURE 3 | MMP-9 expression in A375 cell resistant to dabrafenib. MMP-9
expression levels were evaluated in, A375 parental clone, A375 dabrafenib
resistant clones with and without addition of 70 nM of dabrafenib to
RMPI-1640 medium (A,B). Western Blot analysis was performed to evaluate
pERK levels in resistant clones e control cell line after 48 h (C,D). The
statistical significance of the two-tailed Student’s t-test was referred to the
control. ∗p < 0.05; ∗∗p < 0.01.

Inc., Waltham, MA, United States). Cell pellets were collected
by centrifugation and stored at −80◦C. All experiments were
conducted in triplicate.

ELISA
ELISA test was performed to detect MMP-9 levels in A375
and A2058 culture supernatants using MMP-9 Human ELISA
Kit (cat. n. BMS2016-2 - Invitrogen Corporation, Carlsbad,
CA, United States) according to the manufacturer’s instructions.
Whereas, Human MMP-9 Quantikine ELISA KIT (cat. n.
DMP900 - R&D Systems, Minneapolis, MN, United States)
was used to detect serum levels of MMP-9 in melanoma
patients enrolled in this study. Optical density (OD) was
measured by Tecan ELISA plate reader (Tecan, Männedorf,
Switzerland). Linear regression analysis was performed to
generate standard curve from average absorbance of standards.
MMP-9 concentrations were calculated fitting the average of
duplicate ODs of each sample with standard curve.

Real-Time PCR Quantification of MMP-9
Transcript Levels
Total RNA was extracted from cellular pellet by using the
PureLink RNA mini RNA extraction kit (cat. n. 12183025
- Ambion/Life Technologies, Carlsbad, CA, United States)
according to the manufacturer’s instructions. For each sample,

1 µg of total RNA was reverse transcribed using SuperScript
III Reverse Transcriptase kit (cat. n. 18080044 - Thermo Fisher
Scientific Inc., Waltham, MA, United States). First-strand cDNA
was used for quantitative PCR (qPCR) reactions performed using
the AB 7300 Real-Time PCR system (Applied Biosystems, Foster
City, CA, United States). Amplification was performed using Fast
SYBR Green Master Mix (cat. n. 4385617 – Applied Biosystems,
Foster City, CA, United States) according to the conditions
reported below:

Initial denaturation at 95◦C for 10 min, followed by 40 cycles
at 95◦C for 15 s and 60◦C for 1 min. Relative expression of MMP-
9 transcript was performed using the 2−11Ct method. For the
detection of MMP-9 transcript the following primers were used:

Forward 5′-GAACCAATCTCACCGACAGG-3′; Reverse 5′-
CCACAACTCGTCATCGTCG-3′. The phosphoglycerate kinase
1 (PGK1) housekeeping gene was used as an internal control for
result normalization.

PGK1 primer sequences were: Forward 5′-TTAAAGGGAA
GCGGGTCGTT-3′; Reverse 5′-CAGGCATGGGCACACCAT-3′.

Western Blot
Cellular pellets were lysed in NP-40 cell lysis buffer (cat.
n. FNN0021 - Thermo Fisher Scientific Inc., Waltham, MA,
United States) supplemented with protease and phosphatase
inhibitor cocktails (Sigma, St. Louis, MO, United States). Quick
StartTM Bradford 1X Dye Reagent assay (cat. n. 5000205 - Bio-
Rad Laboratories, Inc., Hercules, CA, United States) was used
to quantify protein amount. For each sample, 30 µg of proteins
were electrophoretically separated using 4–15% Mini Protean
TGX Precast Gels (cat. n. 4561083 - Bio-Rad Laboratories, Inc.,
Hercules, CA, United States). Bio-Rad Trans-Blot Turbo was
used to transfer the gel proteins into a PVDF/nitrocellulose
membrane (Bio-Rad Laboratories, Inc.). Primary antibody Anti-
MAP Kinase ERK1/ERK2 (pThr202/ pThr204) rabbit Ab (diluted
1:1000 - cat. n. 442685) and Anti-MAP Kinase ERK1/ERK2 rabbit
Ab (diluted 1:1000 - cat. n. 442704) (Merck Millipore, Darmstadt,
Germany) were used to detect phosphorylated and total ERK 1/2
proteins.

Tubulin housekeeping protein was detected by using Anti-
beta Tubulin rabbit Ab (diluted 1:1000 – cat. n. 15568- Abcam,
Cambridge, United Kingdom). Chemiluminescent detection was
performed using Clarity Western ECL Substrate (cat. n. 1705060
- Bio-Rad Laboratories, Inc., Hercules, CA, United States).
Western blot images were collected by Bio-Rad ChemiDoc Touch
Imaging System and analyzed with ImageJ software (National
Institutes of Health, Bethesda, MD, United States). All Western
blot experiments were performed in triplicate.

Melanoma Patients
In this study 28 melanoma patients treated with BRAF
inhibitors (53.5%) alone or in combination with MEK inhibitors
(46.5%) were included. Informed consent forms were signed by
each participant, and appropriate ethical committee approval
was obtained. For each patient socio-demographics, clinical-
pathological and therapeutics data were reported in Table 1.
Peripheral blood samples were collected from patients prior
each cycle of chemotherapy. Serum and plasma were obtained
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by centrifugation at 2,000 g for 10 min and immediately
frozen (−80◦C) until further analysis. All patients were enrolled
at National Cancer Institute "Fondazione Giovanni Pascale,"
Naples (Italy) and accepted the informed consent, according
to the recommendations of the Board of Ethics of the study
hospitals.

Circulating-Free DNA Isolation
Circulating-free DNA isolation was obtained from serum of
melanoma samples enrolled in the present study according
to manual protocols adapted from Hufnagl C and colleagues
(Hufnagl et al., 2013). Briefly, 1 mL of serum, 100 µL of solution
composed by EDTA (250 mmol/L) and NaCl (750 mmol/L),
100 µL of 100 g/L sodium dodecyl sulfate and 40 µL of proteinase
K (stock solution 20 mg/mL) were added. After 2 h incubation
at 56◦C, the proteins were precipitated with 200 µL of saturated
6M NaCl solution (final concentration of 0.86 mol/L). The
circulating-free DNA was extracted from supernatant by phenol-
chloroform mixture at room-temperature (RT). After 5 min of
incubation at RT, mixture was centrifuged for 15 min at 14,000 g.
The upper phase was transferred in a new tube and mixed
to an equal volume of absolute ethanol and then incubated
over night at −20◦C. The DNA was centrifuged for 15 min
at 14,000 g. The precipitated pellet was first washed with 70%
ethanol and finally dissolved in 20 µL of DNAse and RNAse
free water. For two of 28 samples the extracted circulating-free
DNA was found to be excessively degraded and therefore the
circulating-free DNA BRAFV600E mutation detection was not
performed.

Circulating-Free DNA BRAFV600E

Mutation Detection
The BRAFV600E mutation was detected in circulating-free
DNA using Bio-Rad droplet PCR analysis system (Bio-Rad
Laboratories, Inc., Hercules, CA, United States), according
to the manufacturer’s protocol. Briefly, a 22 µl of reaction
mixture was prepared by mixing 11 µL ddPCR Supermix
for probes (no dUTP – cat. n. 1863010), 1 µl of Bio-Rad
BRAF-V600E FAM/HEX mixture (cat. n. dHsaMDV2010027),
5 µl of circulating-free DNA sample and 5 µl of PCR
water. Twenty microliters of PCR reaction was loaded on
the cartridge contending 70 µl of Droplet Generation Oil
(cat. n. 1863005 - Bio-Rad Laboratories, Inc., Hercules, CA,
United States) in appropriate wells, and then Droplet Generator
QX100 was used to generate the nano-sized droplets. Droplet
mixture was transferred in PCR plate and amplified by
C 1000 Touch Thermal Cycler (Bio-Rad Laboratories, Inc.,
Hercules, CA, United States) under the following cycling
conditions: 10 min at 95◦C, 40 cycles of 94◦C for 30 s,
55◦C for 1 min, followed by 98◦C for 10 min (ramp rate
2◦C/s).

Fluorescent signals were detected using QX200 Droplet
Reader (Bio-Rad Laboratories, Inc., Hercules, CA, United States)
and analyzed using QuantaSoft software, version 1.7.4
(QuantaSoft, Prague, Czechia). Samples were considered
positive when three or more FAM/HEX-positive droplets were

detected. Absolute quantification (copies/mL) were determined
using the QuantaSoft software.

Statistical Analysis
MMP-9 mRNA expression, MMP-9 supernatant level and
pERK/ERK ratio in treated melanoma cells and relative control
were compared using two-tailed Student’s t-test. Fisher exact
test was used to determine the association between clinical
characteristics and cancer progression and vital status. Mann-
Whitney test was used to compare the serum concentration
of MMP-9 clustered melanoma patients according to clinical-
pathological parameters.

Progression-free survival was calculated from the date
of treatment initiation to progression, death, or end of
follow-up, whichever occurred first. OS was calculated
from the date of treatment initiation to patients’ death.
Survival curves were estimated through Kaplan–Meier
method; log-rank non-parametric test was used to compare
the survival distributions of melanoma patients according
to the detectability of circulating-free DNA BRAFV600E

mutation and the MMP-9 serum concentration. Statistically
significant difference was considered when p ≤ 0.05
(two-tailed).

TABLE 2 | MMP-9 concentration at baseline in serum of 28 patients with
melanoma according to socio-demographic, clinical characteristics and molecular
features.

n MMP-9 (ng/mL) Mann–
Whitney
testMedian Interquartile

range

Overall 684 427–1118

Sex

Man 14 684 417–1108 p = 0.927

Woman 14 662 437–1128

Age at treatment initiation (years)

<45 11 601 482–1148 p = 0.807

45–59 10 870 352–882

≥60 7 670 354–1108

Melanoma type

S.P.I. 6 1204 417–1930 p = 0.131

Cutaneous 22 636 437–873

Stage

M1a 7 601 482–723 p = 0.624

M1b 4 614 470–1801

M1c 16 872 427–1159

Therapy

Monotherapy 15 697 437–1108 p = 0.596

Combo 13 670 352–1128

LDH

<480 17 671 482–882 p = 0.796

≥480 11 686 354–1238

BRAFV600E

Undetectable 15 557 354–722 p = 0.058

Detectable 11 873 437–1238
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RESULTS

MMP-9 Expression Levels in Melanoma
Cells Sensitive and Resistant to
Dabrafenib
To test the hypothesis that MMP-9 expression is associated with
MAPK pathway modulation, induced by the treatment with
BRAF inhibitors, A375 and A2058 melanoma cells harboring
BRAFV600E mutation were used.

ELISA and Real-Time PCR analyses showed that MMP-9
was statistically down-regulated (p < 0.05) in A375 and A2058
melanoma cell lines after treatment with dabrafenib for 48 h
(Figures 1A,B, 2A,B). No significant MMP-9 modulation was
observed when the cell lines were treated for 12 and 24 h (data not
shown). Similar trend was observed for pERK1-2 protein levels
detected by Western Blot in both A375 and A2058 cell lines at 12,
24, and 48 h (p < 0.05) (Figures 1C,D, 2C,D).

To verify if MMP-9 may be involved in the mechanism of
resistance to BRAF inhibitors, such as dabrafenib, resistant
clones of A375 were used. Both higher mRNA and protein
MMP-9 expression levels were observed in the A375
resistant clones compared to those detected in the parental
cells. As expected, the increase of MMP-9 expression was
independent to the treatment with dabrafenib (Figures 3A,B).
To further investigate the effects of resistance to dabrafenib
on MAPK pathway, pERK1-2 levels in resistant clones were
measured. pERK1-2 levels were higher in resistant clones
when compared with sensitive parental cells (p < 0.05)
(Figures 3C,D).

These in vitro data showed that BRAF inhibitor efficiently
counteracts the MAPK signal pathway in A375 cells
where the concomitant decrease of pERK and MMP-9

levels was observed in a dose-dependent manner. In
contrast, activation of pERK was observed in resistant cell
clones with concomitant MMP-9 overexpression. These
encouraging data support the notion that MMP-9 may be
considered a marker of response to dabrafenib in melanoma
cells.

Circulating MMP-9 Expression Levels in
Peripheral Blood From Melanoma
Patients Treated With BRAF Inhibitors
MMP-9 serum levels were evaluate in melanoma samples
according to socio-demographic, clinical and molecular features,
including the presence of circulating-free DNA BRAFV600E

mutation (Table 2). Such mutation was identified in 11 out
of 26 melanoma patients (42%). Notably, MMP-9 higher
levels were observed in patients with detectable circulating-
free DNA BRAFV600E mutation compared to those with
undetectable BRAFV600E mutation (p = 0.058). In agreement
with these data, it appears speculating that higher levels of
MMP-9 are associated with the spreading of tumor DNA
in the bloodstream where BRAFV600E mutation is detectable
(Table 2). Accordingly, the PFS and OS are higher in
melanoma patients with undetectable circulating-free DNA
BRAFV600E mutation compared with those harboring the
detectable mutation (p = 0.004 and p = 0.007 respectively)
(Table 3 and Figures 4A,C). These data indicate that the
detectability of circulating-free DNA BRAFV600E mutation may
be considered as a negative prognostic factor. Although no
statistics significance has been reached due to the low number
of patients, it was observed that highest MMP-9 levels were
associated with a lower PFS and OS (Table 3 and Figures 4B,D).
No statistical difference was observed for both PFS and OS

TABLE 3 | Median time to progression (TTP) and progression free survival (PFS) in 28 patients with melanoma according to BRAF and MMP-9.

Patients Progressions Median TTP (days) PFS Deaths OS

6 mos 12 mos 24 mos 6 mos 12 mos 24 mos

Overall 28 23 219 67.9% 39.3% 17.9% 14 92.9% 71.4% 46.4%

BRAFV600E

Undetectable 15 10 280 80.0% 60.0% 33.3% 5 93.3% 93.3% 66.7%

Detectable 11 11 219 54.6% 9.1% 0.0% 9 90.9% 45.5% 18.2%

p = 0.398 Log-rank test: p = 0.004 Log-rank test: p = 0.007

MMP-9 at treatment initiation (ng/mL)

<680 14 11 240 78.6% 42.9% 21.4% 6 100% 85.7% 57.1%

≥680 14 12 195 57.1% 35.7% 14.3% 9 85.7% 57.1% 35.7%

p = 0.450 Log-rank test: p = 0.415 Log-rank test: p = 0.219

BRAFV600E and MMP-9 at treatment initiation (ng/mL)

Undetectable and <680 10 7 353 90.0% 60.0% 30.0% 3 100% 100% 70.0%

Undetectable and ≥680 5 3 153 60.0% 60.0% 40.0% 2 80.0% 80.0% 60.0%

Detectable and <680 4 4 205 50.0% 0.0% 0.0% 3 100% 50.0% 25.0%

Detectable and ≥680 7 7 219 57.1% 14.3% 0.0% 6 85.7% 42.9% 14.3%

p = 0.153 Log-rank test: p = 0.037 Log-rank test: p = 0.056

Therapy

Monotherapy 15 14 206 60.0% 26.7% 0.0% 9 100% 60.0% 40.0%

Combo 13 9 240 76.9% 53.9% 30.8% 6 84.6% 84.6% 53.9%

p = 0.705 Log-rank test: p = 0.102 Log-rank test: p = 0.496

Frontiers in Pharmacology | www.frontiersin.org 7 August 2018 | Volume 9 | Article 856

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00856 August 13, 2018 Time: 9:51 # 8

Salemi et al. MMP-9 and BRAFV600E Markers of Melanoma

FIGURE 4 | Melanoma patients PFS and OS. Kaplan–Meier estimate of PFS and OS in patients with detectable (dotted line) and undetectable (continuous line)
BRAFV600E (PFS log-tank test: p = 0.004; OS log-tank test: p = 0.007) (A,C). PFS and OS evaluations in patients with MMP-9 serum concentration at baseline
(continuous line: < 680 ng/mL; dotted line: ≥ 680 ng/mL; PFS log-tank test: p = 0.415; OS log-tank test: p = 0.219) (B,D).

in patients treated with monotherapy or combination therapy
(Table 3).

In addition, the percentage of MMP-9 serum variations
at different times during the treatment with BRAF inhibitors
were analyzed in melanoma patients. Such variations were
also evaluated according to the detectability of circulating-
free DNA BRAFV600E mutation. No significant percentage
variations of MMP-9 serum levels were observed in melanoma
patients at different times during the treatment with BRAF
inhibitors (data not shown). While, a significant percentage
of MMP-9 decrement in samples with circulating-free DNA
BRAFV600E mutation compared to those with undetectable
one was observed at T1 and T2 (Figure 5). Such percentage
of MMP-9 decrement was not observed at T-last where
novel microenvironmental factors and/or genetic alteration
may occur conferring a drug resistance phenotype to the

tumor cells (Figure 5). These data indicate that the MMP-
9 decrement is more evident during the first week of
treatment, where the therapy is effective, in melanoma patients
with detectable circulating-free DNA BRAFV600E mutation.
However, at last follow-up MMP-9 decrement in those patients
is not significant compared to patients with undetectable
BRAFV600E mutation, suggesting that the treatment became
ineffective.

DISCUSSION

In the last decade, the treatment with BRAF and MEK kinase
inhibitors improved the prognosis of advanced melanoma.
However, a significant fraction of these patients experiences
progression disease. The identification of new biomolecular
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FIGURE 5 | MMP-9 reduction in patients with BRAFV600E mutation at different time. Percentage variation of MMP-9 from baseline to first (T1) and second (T2)
clinical examination after treatment initiation and to last follow-up (T-last) according to circulating BRAFV600E mutation.

markers of progression disease and acquired resistance may
lead to change therapeutic setting and, eventually, reduce
overtreatment (Fattore et al., 2016, 2017; Leonardi et al., 2018).

Improvement of liquid biopsy through the recent advances
in molecular technologies, such as the development of
digital polymerase chain reaction (dPCR), led to identify
tumor molecular features by analyzing the circulating-free
DNA harboring pathogenetic mutations (Busser et al., 2017;
Gorgannezhad et al., 2018). Several studies showed that detection
of circulating-free DNA BRAFV600E mutations is predictive of
the response to MAPKs inhibitors in melanoma treatment. In
particular, high basal levels of circulating-free DNA BRAFV600E

mutation are associated with poor response to therapy and
PFS and OS (Ascierto et al., 2013; Sanmamed et al., 2015;
Santiago-Walker et al., 2016; Lee et al., 2018). Furthermore, it has
been demonstrated that increase of circulating-free DNA BRAF
mutation during treatment is predictive of acquired resistance
and therapeutic failure (Gray et al., 2015).

To the best of our knowledge, no previous studies
have identified new markers that can be linked with the
MAPK pathway modulation after treatment with BRAF
inhibitors. However, MMP-9 has been associated with
the aberrant activation of MAPK pathway in melanoma,
suggesting its role as prognostic indicator (Guarneri et al.,
2017). Therefore, in the present study, the modulation
of MMP-9 in melanoma after treatment with B-RAF
inhibitors was analyzed through different experimental
approaches.

Our in vitro data showed that BRAF inhibitor efficiently
counteracts the MAPK signal pathway in A375 cells where
the concomitant decrease of pERK and MMP-9 levels
was observed in a dose-dependent manner. Furthermore,
to verify if MMP-9 may be involved in the mechanism
of resistance to BRAF inhibitors A375 resistant cells were
obtained and pERK protein levels showed opposite behavior

compared to sensitive cells when treated with dabrafenib. In
particular, an activation of pERK was observed in resistant
cell clones with concomitant MMP-9 overexpression. These
encouraging data support the notion that MMP-9 may be
considered a marker of response to dabrafenib in melanoma
cells.

After the in vitro evaluations, circulating-free DNA
BRAFV600E mutation and MMP-9 serum levels were evaluated
in melanoma patients. Unexpectedly, circulating-free DNA
BRAFV600E mutation was detected in only the 42% (11 out
of 26) of melanoma patients positive to BRAFV600E mutation
after the histopathological diagnosis. Interestingly, ELISA assay
showed that MMP-9 serum levels where higher in patients
with detectable circulating-free DNA BRAFV600E mutation
compared to those with undetectable BRAFV600E mutation
suggesting that the increase of MMP-9 in the subset of patients
with detectable circulating mutation are associated with the
spreading of tumor and in the release of circulating-free DNA
in the bloodstream. These evidences encourage the use of
MMP-9 as a prognostic marker in the subsets of patients
with detectable circulating mutation, where the concomitant
evaluation of circulating-free DNA status and MMP-9 serum
levels may give important information about the prognosis of
patients.

Indeed, the PFS and OS analyses according to the circulating-
free DNA BRAFV600E status and the MMP-9 expression levels
showed a worse prognosis for melanoma patients with detectable
circulating BRAFV600E mutation and high MMP-9 serum levels
(>680 ng/mL) compared with those with undetectable mutation
and lower levels of MMP-9.

Finally, the analysis of MMP-9 during the treatment
showed that MMP-9 serum protein levels significantly
decreased at T1 and T2, but not at the last follow-up, for
the patients with detectable circulating-free DNA BRAFV600E

mutation.
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Overall, the results of the present study confirm that the
occurrence of circulating-free DNA BRAFV600E mutation
is a negative prognostic factor of cutaneous melanoma;
furthermore, MMP-9 may be considered a prognostic indicator
of response to BRAF inhibitors only in the subset of patients
harboring the circulating-free DNA BRAFV600E mutation
supporting the notion that MMP-9 is associated with the
MAPK pathway. Further studies, including a larger series of
melanoma patients, are needed to better clarify the impact
of MMP-9 as a marker of response to treatment with BRAF
inhibitors.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of Ethics Committee of the Istituto Nazionale
Tumori of Naples with written informed consent from
all subjects. All subjects gave written informed consent in
accordance with the Declaration of Helsinki. The protocol was

approved by the Ethics Committee of the Istituto Nazionale
Tumori of Naples.

AUTHOR CONTRIBUTIONS

SC, ML, and PA conceived the study. SC and GM dealt with
the study design in all its experimental phases. LF, RS, and DC
performed the experiments and the quality control of data and
procedures. GM, DM, LF, and RS performed the data analyses
and interpretation, while, JP executed all the statistical analyses.
LF and SC wrote the manuscript. ML and PA reviewed the final
version of the manuscript. All authors read and approved the final
version of the manuscript.

FUNDING

This study was supported by the Lega Italiana per la Lotta contro
i Tumori [Ricerca Sanitaria 2016 – Programma 5 × 1000 anno
2014].

REFERENCES
Aladowicz, E., Ferro, L., Vitali, G. C., Venditti, E., Fornasari, L., and Lanfrancone, L.

(2013). Molecular networks in melanoma invasion and metastasis. Future
Oncol. 9, 713–726. doi: 10.2217/fon.13.9

Ascierto, P. A., Minor, D., Ribas, A., Lebbe, C., O’Hagan, A., Arya, N., et al. (2013).
Phase II trial (BREAK-2) of the BRAF inhibitor dabrafenib (GSK2118436) in
patients with metastatic melanoma. J. Clin. Oncol. 31, 3205–3211. doi: 10.1200/
JCO.2013.49.8691

Branca, M., Orso, S., Molinari, R. C., Xu, H., Guerrier, S., Zhang, Y., et al.
(2018). Is nonmetastatic cutaneous melanoma predictable through genomic
biomarkers? Melanoma Res. 28, 21–29. doi: 10.1097/CMR.00000000000
00412

Brunssen, A., Waldmann, A., Eisemann, N., and Katalinic, A. (2017). Impact of
skin cancer screening and secondary prevention campaigns on skin cancer
incidence and mortality: a systematic review. J. Am. Acad. Dermatol. 76,
.e10–.e139. doi: 10.1016/j.jaad.2016.07.045

Busser, B., Lupo, J., Sancey, L., Mouret, S., Faure, P., Plumas, J., et al. (2017).
Plasma circulating tumor DNA levels for the monitoring of melanoma patients:
landscape of available technologies and clinical applications. Biomed. Res. Int.
2017:5986129. doi: 10.1155/2017/5986129

Chen, P., Chen, F., and Zhou, B. (2017). Therapeutic efficacy and safety of
combined BRAF and MEK inhibition in patients with malignant melanoma:
a meta-analysis. Onco Targets Ther. 10, 5391–5403. doi: 10.2147/OTT.S147438

Dange, M. C., Agarwal, A. K., and Kalraiya, R. D. (2015). Extracellular galectin-3
induces MMP-9 expression by activating p38 MAPK pathway via lysosome-
associated membrane protein-1 (LAMP1). Mol. Cell. Biochem. 404, 79–86. doi:
10.1007/s11010-015-2367-5

Falzone, L., Candido, S., Salemi, R., Basile, M. S., Scalisi, A., McCubrey, J. A.,
et al. (2016a). Computational identification of microRNAs associated to both
epithelial to mesenchymal transition and NGAL/MMP-9 pathways in bladder
cancer. Oncotarget 8, 72758–72766. doi: 10.18632/oncotarget.11805

Falzone, L., Salemi, R., Travali, S., Scalisi, A., McCubrey, J. A., Candido, S., et al.
(2016b). MMP-9 overexpression is associated with intragenic hypermethylation
of MMP-9 gene in melanoma. Aging 8, 933–944. doi: 10.18632/aging.
100951

Fattore, L., Costantini, S., Malpicci, D., Ruggiero, C. F., Ascierto, P. A., Croce, C. M.,
et al. (2017). MicroRNAs in melanoma development and resistance to target
therapy. Oncotarget 8, 22262–22278. doi: 10.18632/oncotarget.14763

Fattore, L., Mancini, R., Acunzo, M., Romano, G., Laganà, A., Pisanu, M. E., et al.
(2016). miR-579-3p controls melanoma progression and resistance to target

therapy. Proc. Natl. Acad. Sci. U.S.A. 113, E5005–E5013. doi: 10.1073/pnas.
1607753113

Forbes, S. A., Beare, D., Boutselakis, H., Bamford, S., Bindal, N., Tate, J., et al.
(2017). COSMIC: somatic cancer genetics at high-resolution. Nucleic Acids Res.
45, D777–D783. doi: 10.1093/nar/gkw1121

Frasca, F., Nucera, C., Pellegriti, G., Gangemi, P., Attard, M., Stella, M., et al. (2008).
BRAF(V600E) mutation and the biology of papillary thyroid cancer. Endocr.
Relat. Cancer 15, 191–205. doi: 10.1677/ERC-07-0212

Gordon, G. M., Ledee, D. R., Feuer, W. J., and Fini, M. E. (2009). Cytokines and
signaling pathways regulating matrix metalloproteinase-9 (MMP-9) expression
in corneal epithelial cells. J. Cell. Physiol. 221, 402–411. doi: 10.1002/jcp.21869

Gorgannezhad, L., Umer, M., Islam, M. N., Nguyen, N. T., and Shiddiky, M. J. A.
(2018). Circulating tumor DNA and liquid biopsy: opportunities, challenges,
and recent advances in detection technologies. Lab Chip 18, 1174–1196. doi:
10.1039/C8LC00100F

Gray, E. S., Rizos, H., Reid, A. L., Boyd, S. C., Pereira, M. R., Lo, J., et al. (2015).
Circulating tumor DNA to monitor treatment response and detect acquired
resistance in patients with metastatic melanoma. Oncotarget 6, 42008–42018.
doi: 10.18632/oncotarget.5788

Guarneri, C., Bevelacqua, V., Polesel, J., Falzone, L., Cannavò, P. S., Spandidos,
D. A., et al. (2017). NF κB inhibition is associated with OPN/MMP 9
downregulation in cutaneous melanoma. Oncol. Rep. 37, 737–746. doi: 10.3892/
or.2017.5362

Herbreteau, G., Vallée, A., Knol, A. C., Théoleyre, S., Quéreux, G., Khammari, A.,
et al. (2017). Circulating tumour DNA: analytical aspects and clinical
applications for metastatic melanoma patients. Ann. Biol. Clin. 75, 619–630.

Hofmann, U. B., Westphal, J. R., Van Muijen, G. N., and Ruiter, D. J. (2000). Matrix
metalloproteinases in human melanoma. J. Invest. Dermatol. 115, 337–344.
doi: 10.1046/j.1523-1747.2000.00068.x

Hufnagl, C., Stöcher, M., Moik, M., Geisberger, R., and Greil, R. (2013). A modified
Phenol-chloroform extraction method for isolating circulating cell free DNA of
tumor patients. J. Nucleic Acids Invest. 4, 1–3. doi: 10.4081/jnai.2013.4282

Kalal, B. S., Upadhya, D., and Pai, V. R. (2017). Chemotherapy resistance
mechanisms in advanced skin cancer. Oncol. Rev. 11:326. doi: 10.4081/oncol.
2017.326

Lee, R. J., Gremel, G., Marshall, A., Myers, K. A., Fisher, N., Dunn, J. A., et al. (2018).
Circulating tumor DNA predicts survival in patients with resected high-risk
stage II/III melanoma. Ann. Oncol. 29, 490–496. doi: 10.1093/annonc/mdx717

Leonardi, G. C., Falzone, L., Salemi, R., Zanghì, A., Spandidos, D. A., Mccubrey,
J. A., et al. (2018). Cutaneous melanoma: from pathogenesis to therapy. Int. J.
Oncol. 52, 1071–1080. doi: 10.3892/ijo.2018.4287

Frontiers in Pharmacology | www.frontiersin.org 10 August 2018 | Volume 9 | Article 856

https://doi.org/10.2217/fon.13.9
https://doi.org/10.1200/JCO.2013.49.8691
https://doi.org/10.1200/JCO.2013.49.8691
https://doi.org/10.1097/CMR.0000000000000412
https://doi.org/10.1097/CMR.0000000000000412
https://doi.org/10.1016/j.jaad.2016.07.045
https://doi.org/10.1155/2017/5986129
https://doi.org/10.2147/OTT.S147438
https://doi.org/10.1007/s11010-015-2367-5
https://doi.org/10.1007/s11010-015-2367-5
https://doi.org/10.18632/oncotarget.11805
https://doi.org/10.18632/aging.100951
https://doi.org/10.18632/aging.100951
https://doi.org/10.18632/oncotarget.14763
https://doi.org/10.1073/pnas.1607753113
https://doi.org/10.1073/pnas.1607753113
https://doi.org/10.1093/nar/gkw1121
https://doi.org/10.1677/ERC-07-0212
https://doi.org/10.1002/jcp.21869
https://doi.org/10.1039/C8LC00100F
https://doi.org/10.1039/C8LC00100F
https://doi.org/10.18632/oncotarget.5788
https://doi.org/10.3892/or.2017.5362
https://doi.org/10.3892/or.2017.5362
https://doi.org/10.1046/j.1523-1747.2000.00068.x
https://doi.org/10.4081/jnai.2013.4282
https://doi.org/10.4081/oncol.2017.326
https://doi.org/10.4081/oncol.2017.326
https://doi.org/10.1093/annonc/mdx717
https://doi.org/10.3892/ijo.2018.4287
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00856 August 13, 2018 Time: 9:51 # 11

Salemi et al. MMP-9 and BRAFV600E Markers of Melanoma

Lim, S. Y., Menzies, A. M., and Rizos, H. (2017). Mechanisms and strategies to
overcome resistance to molecularly targeted therapy for melanoma. Cancer 123,
2118–2129. doi: 10.1002/cncr.30435

Liu, S., Gao, G., Yan, D., Chen, X., Yao, X., Guo, S., et al. (2017). Effects of miR-145-
5p through NRAS on the cell proliferation, apoptosis, migration, and invasion
in melanoma by inhibiting MAPK and PI3K/AKT pathways. Cancer Med. 6,
819–833. doi: 10.1002/cam4.1030

Lu, P., Takai, K., Weaver, V. M., and Werb, Z. (2011). Extracellular matrix
degradation and remodeling in development and disease. Cold Spring Harb.
Perspect. Biol. 3:a005058. doi: 10.1101/cshperspect.a005058

Masucci, G. V., Cesano, A., Eggermont, A., Fox, B. A., Wang, E., Marincola,
F. M., et al. (2017). The need for a network to establish and validate predictive
biomarkers in cancer immunotherapy. J. Transl. Med. 15:223. doi: 10.1186/
s12967-017-1325-2

Mathieu, V., Pirker, C., Schmidt, W. M., Spiegl-Kreinecker, S., Lötsch, D.,
Heffeter, P., et al. (2012). Aggressiveness of human melanoma xenograft models
is promoted by aneuploidy-driven gene expression deregulation. Oncotarget 3,
399–413. doi: 10.18632/oncotarget.473

McCourt, C., Dolan, O., and Gormley, G. (2014). Malignant melanoma: a pictorial
review. Ulster Med. J. 83, 103–110.

Mesa, C. Jr., Mirza, M., Mitsutake, N., Sartor, M., Medvedovic, M., Tomlinson, C.,
et al. (2006). Conditional activation of RET/PTC3 and BRAFV600E in thyroid
cells is associated with gene expression profiles that predict a preferential role
of BRAF in extracellular matrix remodeling. Cancer Res. 66, 6521–6529. doi:
10.1158/0008-5472.CAN-06-0739

Quéreux, G., Herbreteau, G., Knol, A. C., Vallée, A., Khammari, A., Théoleyre, S.,
et al. (2017). Efficient treatment of a metastatic melanoma patient with a
combination of BRAF and MEK inhibitors based on circulating tumor DNA
analysis: a case report. BMC Res. Notes 10:320. doi: 10.1186/s13104-017-2650-5

Ross, C. L., Kaushik, S., Valdes-Rodriguez, R., and Anvekar, R. (2018). MicroRNAs
in cutaneous melanoma: role as diagnostic and prognostic biomarkers. J. Cell.
Physiol. 233, 5133–5141. doi: 10.1002/jcp.26395

Russo, I., Zorzetto, L., Frigo, A. C., Chiarion Sileni, V., and Alaibac, M. A. (2017).
comparative study of the cutaneous side effects between BRAF monotherapy
and BRAF/MEK inhibitor combination therapy in patients with advanced
melanoma: a single-centre experience. Eur. J. Dermatol. 27, 482–486.

Saladi, S. V., Keenen, B., Marathe, H. G., Qi, H., Chin, K. V., and de la Serna, I. L.
(2010). Modulation of extracellular matrix/adhesion molecule expression by
BRG1 is associated with increased melanoma invasiveness. Mol. Cancer 9:280.
doi: 10.1186/1476-4598-9-280

Sandri, S., Faião-Flores, F., Tiago, M., Pennacchi, P. C., Massaro, R. R.,
Alves-Fernandes, D. K., et al. (2016). Vemurafenib resistance increases
melanoma invasiveness and modulates the tumor microenvironment by
MMP-2 upregulation. Pharmacol. Res. 111, 523–533. doi: 10.1016/j.phrs.2016.
07.017

Sanmamed, M. F., Fernández-Landázuri, S., Rodríguez, C., Zárate, R., Lozano,
M. D., Zubiri, L., et al. (2015). Quantitative cell-free circulating BRAFV600E
mutation analysis by use of droplet digital PCR in the follow-up of patients
with melanoma being treated with BRAF inhibitors. Clin. Chem. 61, 297–304.
doi: 10.1373/clinchem.2014.230235

Santiago-Walker, A., Gagnon, R., Mazumdar, J., Casey, M., Long, G. V.,
Schadendorf, D., et al. (2016). Correlation of BRAF mutation status in
circulating-free DNA and tumor and association with clinical outcome across
four BRAFi and MEKi clinical trials. Clin. Cancer Res. 22, 567–574. doi: 10.
1158/1078-0432.CCR-15-0321

Schreuer, M., Meersseman, G., Van Den Herrewegen, S., Jansen, Y., Chevolet, I.,
Bott, A., et al. (2016). Quantitative assessment of BRAF V600 mutant circulating

cell-free tumor DNA as a tool for therapeutic monitoring in metastatic
melanoma patients treated with BRAF/MEK inhibitors. J. Transl. Med. 14:95.
doi: 10.1186/s12967-016-0852-6

Shi, H., Liu, L., Liu, L., Geng, J., Zhou, Y., and Chen, L. (2014). β-Elemene
inhibits the metastasis of B16F10 melanoma cells by downregulation of the
expression of uPA, uPAR, MMP-2, and MMP-9. Melanoma Res. 24, 99–107.
doi: 10.1097/CMR.0000000000000043

Shi, H., Wu, Y., Wang, Y., Zhou, M., Yan, S., Chen, Z., et al. (2015). Liquiritigenin
potentiates the inhibitory effects of cisplatin on invasion and metastasis
via downregulation MMP-2/9 and PI3 K/AKT signaling pathway in b16f10
melanoma cells and mice model. Nutr. Cancer 67, 761–770. doi: 10.1080/
01635581.2015.1037962

Spagnolo, F., Picasso, V., Lambertini, M., Ottaviano, V., Dozin, B., and Queirolo, P.
(2016). Survival of patients with metastatic melanoma and brain metastases
in the era of MAP-kinase inhibitors and immunologic checkpoint blockade
antibodies: a systematic review. Cancer Treat. Rev. 45, 38–45. doi: 10.1016/j.
ctrv.2016.03.003

Tang, Z. Y., Liu, Y., Liu, L. X., Ding, X. Y., Zhang, H., and Fang, L. Q. (2013).
RNAi-mediated MMP-9 silencing inhibits mouse melanoma cell invasion and
migration in vitro and in vivo. Cell Biol. Int. 37, 849–854. doi: 10.1002/cbin.
10107

Tejera-Vaquerizo, A., Descalzo-Gallego, M. A., Otero-Rivas, M. M., Posada-
García, C., Rodríguez-Pazos, L., Pastushenko, I., et al. (2016). Skin
cancer incidence and mortality in Spain: a systematic review and meta-
analysis. Actas Dermosifiliogr. 107, 318–328. doi: 10.1016/j.ad.2015.
12.008

Ugurel, S., Röhmel, J., Ascierto, P. A., Flaherty, K. T., Grob, J. J., Hauschild, A., et al.
(2017). Survival of patients with advanced metastatic melanoma: the impact of
novel therapies-update. Eur. J. Cancer 2017, 247–257. doi: 10.1016/j.ejca.2017.
06.028

Veenstra, R., Kostine, M., Cleton-Jansen, A. M., de Miranda, N. F., and Bovée,
J. V. (2018). Immune checkpoint inhibitors in sarcomas: in quest of predictive
biomarkers. Lab. Invest. 98, 41–50. doi: 10.1038/labinvest.2017.128

Wu, Y. J., Neoh, C. A., Tsao, C. Y., Su, J. H., and Li, H. H. (2015).
Sinulariolide suppresses human hepatocellular carcinoma cell migration and
invasion by inhibiting matrix metalloproteinase-2/-9 through MAPKs and
PI3K/Akt signaling pathways. Int. J. Mol. Sci. 16, 16469–16482. doi: 10.3390/
ijms160716469

Yang, L., Song, X., Zhu, J., Li, M., Ji, Y., Wu, F., et al. (2017). Tumor suppressor
microRNA-34a inhibits cell migration and invasion by targeting MMP-2/MMP-
9/FNDC3B in esophageal squamous cell carcinoma. Int. J. Oncol. 51, 378–388.
doi: 10.3892/ijo.2017.4015

Zhang, T., Dutton-Regester, K., Brown, K. M., and Hayward, N. K. (2016). The
genomic landscape of cutaneous melanoma. Pigment Cell Melanoma Res. 29,
266–283. doi: 10.1111/pcmr.12459

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Salemi, Falzone, Madonna, Polesel, Cinà, Mallardo, Ascierto,
Libra and Candido. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 11 August 2018 | Volume 9 | Article 856

https://doi.org/10.1002/cncr.30435
https://doi.org/10.1002/cam4.1030
https://doi.org/10.1101/cshperspect.a005058
https://doi.org/10.1186/s12967-017-1325-2
https://doi.org/10.1186/s12967-017-1325-2
https://doi.org/10.18632/oncotarget.473
https://doi.org/10.1158/0008-5472.CAN-06-0739
https://doi.org/10.1158/0008-5472.CAN-06-0739
https://doi.org/10.1186/s13104-017-2650-5
https://doi.org/10.1002/jcp.26395
https://doi.org/10.1186/1476-4598-9-280
https://doi.org/10.1016/j.phrs.2016.07.017
https://doi.org/10.1016/j.phrs.2016.07.017
https://doi.org/10.1373/clinchem.2014.230235
https://doi.org/10.1158/1078-0432.CCR-15-0321
https://doi.org/10.1158/1078-0432.CCR-15-0321
https://doi.org/10.1186/s12967-016-0852-6
https://doi.org/10.1097/CMR.0000000000000043
https://doi.org/10.1080/01635581.2015.1037962
https://doi.org/10.1080/01635581.2015.1037962
https://doi.org/10.1016/j.ctrv.2016.03.003
https://doi.org/10.1016/j.ctrv.2016.03.003
https://doi.org/10.1002/cbin.10107
https://doi.org/10.1002/cbin.10107
https://doi.org/10.1016/j.ad.2015.12.008
https://doi.org/10.1016/j.ad.2015.12.008
https://doi.org/10.1016/j.ejca.2017.06.028
https://doi.org/10.1016/j.ejca.2017.06.028
https://doi.org/10.1038/labinvest.2017.128
https://doi.org/10.3390/ijms160716469
https://doi.org/10.3390/ijms160716469
https://doi.org/10.3892/ijo.2017.4015
https://doi.org/10.1111/pcmr.12459
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	MMP-9 as a Candidate Marker of Response to BRAF Inhibitors in Melanoma Patients With BRAFV600E Mutation Detected in Circulating-Free DNA
	Introduction
	Materials and Methods
	Cell Lines and Treatment
	ELISA
	Real-Time PCR Quantification of MMP-9 Transcript Levels
	Western Blot
	Melanoma Patients
	Circulating-Free DNA Isolation
	Circulating-Free DNA BRAFV600E Mutation Detection
	Statistical Analysis

	Results
	MMP-9 Expression Levels in Melanoma Cells Sensitive and Resistant to Dabrafenib
	Circulating MMP-9 Expression Levels in Peripheral Blood From Melanoma Patients Treated With BRAF Inhibitors

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References


