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Abstract. Melanoma is a molecularly heterogeneous disease
with many genetic mutations and altered signaling pathways.
Activating mutations in the BRAF oncogene are observed
in approximately 50% of cutaneous melanomas and the use
of BRAF inhibitor (BRAFi) compounds has been reported
to improve the outcome of patients with BRAF-mutated
metastatic melanoma. However, the majority of these patients
develop resistance within 6-8 months following the initiation
of BRAFi treatment. In this study, we examined the possible
use of the poly(ADP-ribose) polymerase 1 (PARP1) inhibitor,
ABT-888 (veliparib), as a novel molecule that may be success-
fully employed in the treatment of BRAFi-resistant melanoma
cells. Sensitive and resistant to BRAFi dabrafenib A375 cells
were exposed to increasing concentrations of ABT-888. Cell
viability and apoptosis were assessed by MTT assay and
Annexin V-FITC analysis, respectively. The cell migratory
and invasive ability was investigated using the xCELLigence
technology and Boyden chamber assays, respectively. ABT-888
was found to reduce cell viability and exhibited pro-apoptotic
activity in melanoma cell lines, independently from the
BRAF/NRAS mutation status, in a dose-dependent manner,
with the maximal effect being reached in the 25-50 M concen-
tration range. Moreover, ABT-888 promoted apoptosis in both
the sensitive and resistant A375 cells, suggesting that ABT-888
may be useful in the treatment of BR AFi-resistant subsets of
melanoma cells. Finally, in accordance with the involvement
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of PARPI in actin cytoskeletal machinery, we found that the
cytoskeletal organization, motility and invasive capability of
both the A375 and A375R cells decreased upon exposure to
5 uM ABT-888 for 24 h. On the whole, the findings of this
study highlight the pivotal role of PARP1 in the migration and
invasion of melanoma cells, suggesting that ABT-888 may
indeed be effective, not only as a pro-apoptotic drug for use in
the treatment of BRAFi-resistant melanoma cells, but also in
suppressing their migratory and invasive activities.

Introduction

Malignant melanoma is an aggressive tumor of the skin with
a poor prognosis for patients with advanced disease. Despite
novel therapeutic treatments developed in recent years,
patients with advanced melanoma continue to succumb to the
disease. Over the past decade, many efforts have been made
to enhance our understanding of the molecular biological
mechanisms associated with the development of melanoma,
and several of the key alterations affecting the regulation of
cellular proliferation- and viability-related pathways have been
identified (1,2). Over 50% of melanoma cases harbor activating
V600E mutations in BRAF (BRAFY’E)| which sustains the
proliferation and survival of melanoma cells by activating
the mitogen-activated protein kinase (MAPK) pathway (2-6).
Thus, there is an ongoing effort to develop small molecules
acting as inhibitors of the activated effectors into the MAPK
pathway. Among these, vemurafenib and dabrafenib, two
inhibitors of the mutated BRAF (mostly, BRAFYS°F muta-
tion), have been documented to significantly improve the
clinical outcome of patients with metastatic melanoma (7,8).
Although both vemurafenib and dabrafenib positively affect
progression-free and overall survival, their prolonged use as
single agents is limited due to the consistent development
of drug resistance (9). Indeed, the majority of patients who
initially respond to treatment with BRAF inhibitor (BRAFi),
relapse within 6-8 months, suggesting that chronic treatment
with BRAFi may strongly induce the activation of molecular
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mechanisms overcoming the anti-proliferative effects of such
drugs (10). The resistance to therapy with BRAFi is mostly
associated with the re-activation of the MAPK pathway
through different molecular mechanisms, including NRAS
upregulation (in some cases, through the functional loss of the
RAS-antagonist, NF1 protein), the acquisition of activating
mutations in the downstream MAP2K1 gene, BRAF ampli-
fication and/or the expression of inhibition-escaping splicing
isoforms of BRAFYE (11-17). Specific inhibitors of MEK1
and MEK2 kinases, including selumetinib, trametinib, cobi-
metinib and binimetinib, have been introduced into clinical
practice for the treatment of BRAF- and NRAS-mutated meta-
static melanomas (18-20). In fact, the combination of BRAF
and MEK inhibitors is recognized as the standard of care
for the targeted therapy of BRAF-mutated metastatic mela-
nomas (21,22). However, several molecular alterations involved
in the resistance to BRAFi may play a similar role in the
acquisition of resistance to MEK inhibitors (23,24). Therefore,
there is still an unmet need for additional therapeutic strategies
for the treatment of BRAFi-resistant melanomas.

The poly(ADP-ribose) polymerase (PARP) family includes
17 different enzymes that regulate different cellular functions,
such as the regulation of the cell cycle, gene transcription and
the regulation of the repair mechanisms of DNA damage (25).
Since they seem to be essential for the maintenance of genomic
stability, PARP proteins are indeed attractive therapeutic
targets. PARP inhibitors are being widely investigated as a
class of useful drugs for use in the treatment of tumors with
underlying defects in DNA repair, or when combined with
DNA-damaging agents (26).

The most abundant isoform of the PARP enzyme family,
PARPI, plays a key role in the mechanisms of the repair of
single-strand DNA breaks through the base excision repair
pathway (27,28). In BRCA1- or BRCA2-deficient cells which
are defective of homologous recombination, the inhibition of
PARPI leads to an increase in DNA double-strand breaks.
This results in chromosomal instability, cell cycle arrest and
subsequent apoptosis (26). Accumulating evidence demon-
strates that PARPI interacts with various oncogenic proteins
and regulates several transcription factors, thereby modulating
a broad variety of cellular functions (29). In an orthotopic
murine model of melanoma, PARPI silencing has been shown
to hamper angiogenesis, reduce intra-tumor vascularization
and tumor growth, and to enhance the sensitivity to temo-
zolomide (30). Among the PARP inhibitors, the PARP1/2
inhibitor, ABT-888 (veliparib), is an orally bioavailable small
molecule with pre-clinical efficacy without signs of toxicity in
tumor models, including melanoma (31), and is currently being
investigated in a number of ongoing clinical trials for the treat-
ment of solid tumors (32,33) (NCT01690598, NCT02289690,
NCT02723864, NCT03123211). Emerging evidence indicates
that the efficacy of ABT-888 in delaying the PARP-mediated
repair of DNA damage is potentiated by the concomitant
administration of chemo- and/or radiotherapeutic agents
which concur to accumulate DNA strand breaks (31,34). In
particular, Palma et al demonstrated that ABT-888 enhanced
the efficacy of temozolomide in a variety of pre-clinical
tumor models, including B-cell lymphoma, pancreatic, breast,
ovarian, non-small cell lung carcinoma and small-cell lung
carcinoma models (34).
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In this study, using a number of human melanoma cell
lines harboring different mutations in the BRAF or NRAS
genes, we examined the effects of ABT-888 on the growth and
invasiveness of melanoma cells which are either sensitive or
resistant to the BRAFi, dabrafenib.

Materials and methods

Cell lines and treatments. The human melanoma cell line,
A375, was purchased from ATCC (Manassas, VA, USA);
the SK-MEL-2, SK-MEL-5, 397-MEL, LOX-IMVI and M14
cell lines were kindly provided by Dr F.M. Marincola (Sidra
Medical and Research Center, Doha, Qatar). The human
melanoma M-368 cells were provided by Dr A. Ribas (UCLA
Medical Center, Santa Monica, CA, USA). The LCP and
COPA-159 melanoma cells were established in the laboratories
of the Istituto Nazionale Tumori ‘Fondazione G. Pascale’-
IRCCS and passaged for <6 months. The LCP cells are derived
from a primary lesion of a patient with malignant melanoma,
whereas the COPA-159 cells are derived from an axillary
lymph node metastasis removed from a patient with a mela-
noma progressive disease (35,36). The SK-MEL-2, SK-MEL-5,
A375, COPA-159, LOX-IMVI, LCP, 397-MEL and M-368
melanoma cell lines were grown in RPMI-1640 medium,
and the M14 cell line in DMEM medium, both supplemented
with 10% fetal bovine serum (FBS), 100 IU/ml penicillin
and 50 pg/ml streptomycin, and maintained in 25 cm? tissue
culture flasks at 37°C in humidified air with 5% CO,. ABT-888
supplied by AbbVie Inc. (Chicago, IL, USA), was dissolved
in DMSO (Sigma-Aldrich, St. Louis, MO, USA) at a stock
concentration of 50 mM, and stored at -20°C. The cells were
treated with diluent, 5, 10, 25 or 50 M ABT-888 for 24 or 72 h
in complete growth medium prior to being subjected to func-
tional assays. The A375R sub-line with acquired resistance to
dabrafenib (purchased from GlaxoSmithKline, Brentfort, UK)
was generated by growing the parental A375 cells in the pres-
ence of increasing concentrations of dabrafenib (from 1 nM
up to 25 nM) over a period of 4 months. BRAFi IC;, values
of 138 and 331 nM were determined for the parental A375
and A375R cells, using the logistic function (or sigmoidal) to
fit dose-response curves, using GraphPad statistical software.
Following selection, the A375R cells were maintained in
growth medium supplemented with 25 nM dabrafenib for at
least 8 weeks before performing the experiments.

Analysis of cell viability by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. The viability
of the melanoma cell lines was assessed by using the MTT
colorimetric assay. Viable cells with active metabolism convert
MTT into the corresponding, purple-colored formazan, while
dead cells lose their ability to convert MTT into formazan.
The cells (3x10° cells/well) suspended in complete growth
medium, were seeded in 96-well plates. After 24 h, the medium
was replaced with 100 ul fresh medium containing the vehicle
(0.001% DMSO), the indicated concentrations of ABT-888 or
dabrafenib. Following 72 h of incubation at 37°C in humidi-
fied air with 5% CO,, the suspended cells were removed and
the adherent cells were stained with 0.5 mg/ml sterile MTT
dye solution (Invitrogen, Carlsbad, CA, USA) for 4 h at 37°C.
The resulting formazan was eluted with 100 1 DMSO and
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measured at a wavelength of 540 nm using a microplate reader
(Bio-Rad, Hercules, CA, USA). For each cell line, data were
calculated as a percentage of the absorbance of untreated cells,
considered 100%.

AnnexinV-FITC assay. The apoptotic response of the melanoma
cells to ABT-888 was evaluated using the Annexin V-FITC
apoptosis detection kit (eBioscience, Santa Clara, CA, USA),
according to the manufacturer's instructions. Briefly, the cells
(1x10° cells/sample) were incubated with 5 ul Annexin V-FITC
diluted in 200 y1 binding buffer for 10 min at room temperature
in the dark, washed with binding buffer, incubated with 10 pl
propidium iodide (PI, 20 pg/ml) in 190 ul binding buffer and
immediately analyzed using a BD FACSAria Il flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Cell cycle analysis by flow cytometry. The cells were
harvested and washed once with phosphate-buffered saline
(PBS), fixed in pre-cold 70% ethanol and incubated with
50 ug/ml PI (Sigma-Aldrich), 1 mg/ml RNase solution, for
60 min at 4°C in the dark. The stained nuclei were analyzed
with a FACS Vantage cell sorter, and the data were analyzed
using a Mod-Fit 2.0 cell cycle analysis program (both from
BD Biosciences). Flow cytometric analysis was performed
using a BD FACSAria II flow cytometer (BD Biosciences),
and the data were analyzed using ModFit software (Verity
Software House, Topsham, ME, USA).

Western blot analysis. The cells were lysed in RIPA buffer
(10 mM Tris pH 7.5, 140 mM NaCl, 0.1% SDS, 1% Triton X-100,
0.5% NP-40) containing protease inhibitor mixture
(Sigma-Aldrich) and the protein content was measured by a
colorimetric assay (Bio-Rad). Proteins (30 pg/sample) were
separated on 10% SDS-PAGE and transferred onto Immobilon
PVDF membranes (Millipore, Darmstadt, Germany). The
membranes were blocked with 5% non-fat dry milk and
probed with anti-human PARP1 monoclonal antibody (mAb;
1:1,000; 551024; BD Biosciences, Franklin Lakes, NJ, USA)
recognizing both full length enzyme (160 kDa) and the 85-kDa
cleaved PARP fragment and then with peroxidase AffiniPure
goat anti-mouse IgG (H+L) (code: 115-035-003; 1:4,000;
Jackson ImmunoResearch Europe Ltd., Cambridgeshire, UK).
Chemiluminescence was developed by ECL and detected using
ImageQuant LAS 500 software (both from GE Healthcare
Life Sciences, Little Chalfont, UK).

Fluorescence microscopy. To visualize the cytoskeleton, the
cells (~2x10*/sample) were seeded on glass coverslips and
cultured for 24 h in growth medium. The slides were then
washed with PBS, fixed with 2.5% formaldehyde, permeabilized
with 0.1% Triton X-100 for 10 min at 4°C, and incubated with
0.1 ug/mlrhodamine-conjugated phalloidin (Sigma-Aldrich) for
40 min. Nuclear staining was performed with 4-6-diamidino-
2-phenylindole (DAPI) dye. Finally, coverslips were mounted
using 20% (w/v) Mowiol, and visualized with an Axiovert
200 M fluorescence inverted microscope connected to a video
camera (Carl Zeiss, Oberkochen, Germany).

Migration of cells monitored in real-time. Cell migration was
monitored in real-time using the xCELLigence Real-Time Cell
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Table I. Human melanoma cell lines harboring different muta-
tions in BRAF or NRAS genes.

Melanoma cell lines Mutation
SK-MEL-2 NRASR
SK-MEL-5 BRAFVOWE

Ml14 BRAFV60E
COPA-159 BRAFV60E
LOX-IMVI BRAFV60E

LCP BRAFV6OR
397-MEL BRAFV600D
M368 BRAF wild-type

NRAS wild-type

Analysis (RTCA) technology (Acea Bioscience, San Diego,
CA, USA) as previously described (37). For these experiments,
we used CIM-16-well plates which are provided with interdigi-
tated gold microelectrodes on bottom side of a filter membrane
interposed between a lower and an upper compartment. The
lower chambers were filled with serum-free medium (CTRL)
or growth medium (10% FBS). Viable cells assessed by exclu-
sion trypan blue (2x10* cells/well) were seeded on filters in
serum-free medium. Microelectrodes detect impedance
changes which are proportional to the number of migrating
cells and are expressed as cell index. Migration was monitored
in real-time for 15 h. Slopes represent the alteration rate of the
cell index generated in a 1-15 h time frame. Each experiment
was performed at least twice in quadruplicate.

Cell invasion assays. Cell invasion assays were performed
in Boyden chambers, as previously described (38). Briefly,
4x10* cells/chamber were allowed to invade in Matrigel
for 18 h at 37°C, 5% CO, using 8 ym pore size Nuclepore
Track-Etched Membranes (Whatman, Maidstone, UK) coated
with 50 ug Matrigel (BD Biosciences) and 10% FBS in DMEM
as a source of chemoattractants. At the end of the assay, cells
on the lower filter surface were fixed with ethanol, stained
with haematoxylin and counted in 10 random fields/filter at
x200 magnification. The extent of cell invasion was expressed
as a percentage of the basal cell invasion (CTRL), consid-
ered 100%.

Statistical analyses. Data are presented as the means + SD
and analyzed by one-way analysis of variance and a post hoc
Dunnett's t-test for multiple comparisons. The software used
was the SPSS statistical software version 23.0 (SPSS Inc.,
Chicago, IL, USA). Values of P<0.05 and P<0.01 were consid-
ered to indicate statistically significant and highly statistically
significant differences, respectively.

Results

Effect of ABT-888 on melanoma cell viability. First, we exam-
ined whether ABT-888 affects the viability of human melanoma
cell lines harboring different mutations in the BRAF or NRAS
genes. To this end, dabrafenib-sensitive melanoma cell lines
listed in Table I were exposed to increasing concentrations of
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Figure 1. Dose-dependent inhibitory effect of ABT-888 on melanoma cell proliferation. Human melanoma cell lines were exposed to diluents (control; CTRL)
or increasing concentrations of ABT-888 for 72 h and their viability was assessed by MTT assay. Absorbance was detected at 540 nm with a microplate reader
and data were expressed as a percentage of the CTRL. Data are the means + SD of 3 experiments performed in triplicate. Statistical significance was calculated

against the CTRL ("P<0.05; "'P<0.01).

ABT-888 for 72 h and their viability was assayed by measuring
the mitochondrial activity of living cells by MTT assay. Data
were expressed as a percentage of the absorbance detected in
untreated cells (CTRL). As shown in Fig. 1, a slight decrease
in the number of viable cells was observed from the concen-
tration of 5 yM ABT-888 in the majority of the cell lines,
whereas an appreciable and statistically significant decrease
in cell viability was observed in all the melanoma cell lines
exposed to 10 M ABT-888. Following exposure of the cells
to 25 uM ABT-888, the number of total viable cells markedly
decreased, apart from the LCP cells, which lost only 46% of
their viability compared to the control. In any case, exposure
of the cells to 50 uM ABT-888 led to a significant loss of cell
proliferation, ranging from 95-70% of the cell population for
each cell line compared to the control (Fig. 1). These findings
indicated that, although to a varying extent, ABT-888 caused
a dose-dependent decrease in the viability of melanoma cells,
independently from their mutation status in the BRAF and/or
NRAS genes, with the maximal decrease being observed in
the 25-50 M concentration range.

Effect of ABT-888 on the apoptosis of melanoma cells. It has
been reported that prolonged exposure to ABT-888 induces the
activation of the apoptotic program in the majority of cancer cell
lines (26,31). Thus, in this study, we investigated the apoptotic
response of the melanoma cells to increasing concentrations
of ABT-888. The cells were exposed to increasing concentra-
tions of ABT-888 for 72 h and apoptotic cells were identified
by FACS analysis, counting Annexin V-positive cells in the
right upper (late apoptotic cells) and right lower (early apop-
totic cells) quadrants of each panel. We observed that some of
the untreated cells underwent overgrowth in the absence of
any treatment (necrotic cells in the left upper quadrants). The
majority of the melanoma cells underwent apoptosis following
exposure to 25 or 50 uM ABT-888 for 72 h (Figs. 2 and 3,

and Table II), whereas only a weak pro-apoptotic effect was
elicited by 5 or 10 uM ABT-888 (Table II). These findings
indicated that, although to a varying extent, ABT-888 induces
the apoptosis of melanoma cells in a dose-dependent manner
and independently from their mutation status in the BRAF
and/or NRAS genes, with the maximal effect being reached in
the 25-50 #M concentration range.

Effect of ABT-888 on the viability and apoptosis of A375 and
A375R melanoma cells. The chronic treatment of melanoma
with BRAFi is usually associated with the development of drug
resistance (10). Thus, in this study, we investigated the possi-
bility that ABT-888 exerts pro-apoptotic effects on melanoma
cells which are resistant to BRAFi. Since approximately 50%
of melanomas harbor a BRAF mutation and in 90% of these
cases, there is a substitution of a glutamic acid with a valine
residue at position 600 (V600E) (3,39), we employed A375 cells
harboring the V60OOE mutation to generate dabrafenib-resis-
tant A375 cells (A375R). The A375R cells were obtained by
growing the parental A375 cells in the presence of increasing
concentrations of dabrafenib (from 1-25 nM) for 4 months.
The resistant A375 cells were preliminary analyzed for
their ability to escape the dabrafenib-induced decrease in
viability and proliferation by MTT assay and FACS cell cycle
analysis, respectively. As shown in Fig. 4A, exposure of the
cells to 25 nM dabrafenib for 24 h elicited a marked cytotoxic
effect on the A375 cells, but not on the A375R cells. FACS
cell cycle analysis revealed that 25 nM dabrafenib induced
GO/Gl cell cycle arrest of the A375 cells, but not the A375R
cells. The A375R cells retained the ability to progress into
the S and G2/M phases, thus confirming their acquisition
of resistance to BRAFi (Fig. 4B-C). We then examined the
effects of ABT-888 on A375 and A375R cell viability. The
cells were treated with increasing concentrations of ABT-888
for 72 h and then subjected to an MTT assay as described
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Table II. Dose-dependent apoptotic effect of ABT-88 on melanoma cell lines.
Apoptotic cells (Q2+Q4)
CTRL 5uM 10 uM 25 uM 50 uM

COPA-159 8.2+0.01 19.4+0.08 31.3+0.02* 54.2+0.14* 76.2+0.16°
LCP 6.2+0.07 39.6+0.11* 58.1+0.16* 78.940.11° 92.6+0.08°
M638 6.74+0.02 17.5+0.13 10.9+0.05 49.9+0.02* 84.5+0.12°
397-MEL 24+40.12 23.1+0.04* 24.2+0.07* 58+0.04° 81.5+0.07°
SK-MEL-5 9.9+0.08 13.240.05 10.2+0.04 24.2+0.05° 34.1+0.01*
SK-MEL-2 8.5+0.13 13.940.11 13.3+0.04 30+0.13* 30.7+0.03*
M14 3.2+0.12 30.4+0.14 50.3+0.16* 66.8+0.08" 73.6+0.05°
LOX-IMVI 7.7+0.01 12.1+0.06* 7.8+0.08 33.3+0.12* 49.9+0.12*

Flow cytometric assessment of late (Q2) and early (Q4) apoptosis of melanoma cells after 72 h treatment with ABT-888. Treated cells with
increasing concentration of ABT-888 were stained with Annexin V-FITC and propidium iodide. Data are the means + SD of 3 experiments
performed in triplicate. Statistical significance calculated against the CTRL (*P<0.05 and °P<0.01).
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Figure 2. Dose-dependent pro-apoptotic effect of ABT-888 on melanoma cells. Human melanoma cell lines (COPA-159, LCP, M368, 397-MEL) were exposed
to diluents (control; CTRL), or 25 or 50 xM ABT-888 for 72 h. Cell apoptosis was analyzed by staining with Annexin V-FITC and PI followed by FACS
analysis. The cells in quadrant (Q)2 and Q4 represent late and early apoptotic cells, respectively.

above. According to the data shown in Fig. 5A, ABT-888
induced a slight decrease in the number of viable cells from
the concentrations of 5-10 yM in both the A375 and A375R
cells. Upon exposure to 25 uM ABT-888, the viability of the
A375 and A375R cells decreased to 43 and 53%, respectively,
as compared to that of the untreated cells, while only a few

viable cells were detected in both the sensitive and resistant
cells treated with 50 uM ABT-888 (Fig. 5A). FACS analysis
of the Annexin V-positive A375 and A375R cells exposed
to 25 or 50 M ABT-888 revealed a significant increase in
the number of apoptotic cells in both cell populations, as
compared to the untreated cells (Fig. 5B-C). At the 5 or 10 uM
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Figure 3. Dose-dependent pro-apoptotic effect of ABT-888 on melanoma cells. Human melanoma cell lines (SK-MEL-5, SK-MEL-2, M14, LOX-IMVI) were
exposed to diluent (control; CTRL), or 25 or 50 uM ABT-888 for 72 h. Cell apoptosis was analyzed by staining with Annexin V-FITC and PI followed by FACS
analysis. The cells in quadrant (Q)2 and Q4 represent late and early apoptotic cells, respectively.

A B A37s B GuG16326%  A375+Dabrafenib W Go/G19443%
120 - G2M  395% N GIM  1.88%
.Aa?s EIA375 R § ] > s 32.?9% g 1 o S 3,39%
3 100
S 80 - B &
- i
3z 01 .
o
% 40 ¥
o 8
& 4, ) ! g
0 e + “‘““\\\‘é‘ v — ° " T T
CTRL 25 nM Dabrafenib ’ 2 ot ™ " 0 O ™ *
A375R B GU/G147,17% B GU/G1 62.54%
c Gom 323%  [ASTSR+Dabrafenib g 5\ 373
S 49,60% S 33.73%
120 - g1 g1
nG2IM oS mGO0/G1
40 100 4 g1
] &1
o 80 4 g§ g
£ 60 - 3
ot g_
s 401 \ 2
& 201 Lk -y
' D .
A375 A375 A3T5R A375R ° RS- AR - ° RS- "
Dabrafenib - + - +

Figure 4. Comparison of the proliferation rate and apoptotic responses to dabrafenib of A375 and A375R melanoma cells. The A375 and A375R cells were
exposed to 25 nM dabrafenib for 24 h. (A) Cell viability was assessed by MTT assay. Data are the means + SD of 3 experiments performed in triplicate.
(B) The distribution of cells in the different cycle phases was analyzed by flow cytometry. (C) Histograms represent the percentages of different cycle phases.
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Figure 5. Dose-dependent inhibitory effect of ABT-888 on the proliferation rate of sensitive and resistant to BRAF inhibitor (BRAFi) A375 melanoma
cells. A375 and A375R cells were exposed to diluents (control; CTRL) or increasing concentrations of ABT-888 for 72 h. (A) Cell viability was assessed by
MTT assay. Data are expressed as a percentage of viable cells assessed in the absence of ABT-888. Data are the means + SD of an experiment performed in
triplicate. Statistical significance calculated against the CTRL (“'P<0.01). (B) Cell apoptosis was analyzed by staining with Annexin V-FITC and PI followed
by flow cytometric analysis. The cells in quadrant (Q)2 and Q4 represent late and early apoptotic cells, respectively. (C) Histograms represent the percentage
of apoptotic cells. (D) Whole cell lysates (30 ug/sample) from A375 and A375R were resolved on a 10% SDS-PAGE followed by western blot analysis with
anti-PARP1 monoclonal antibody or anti-GAPDH polyclonal antibody as a loading control.

concentrations, ABT-888 exerted a slight pro-apoptotic effect
on both A375 and A375R cells. Upon the exposure of the
cells to 25 yuM ABT-888, the number of apoptotic A375 and
A375R cells markedly increased, reaching 54,1 and 75,1% of
the cell population, respectively. A further enhancement of the
apoptotic effect was exerted on both the sensitive and resistant
A375 cells exposed to 50 uM ABT-888 (Fig. 5B-C).

PARP-1 inactivation is accompanied by the produc-
tion of several specific proteolytic cleavage fragments with
different molecular weights, which are considered markers
of apoptosis. To confirm that ABT-888-dependent apoptosis
occurs due to PARP-1 inhibition, the occurrence of a 85-kDa
cleaved PARPI fragment was investigated in lysates from
the A375 and A375R cells exposed to ABT-888 by western
blot analysis. For this subset of experiments, the cells were
exposed to increasing concentrations of ABT-888 for 24 h in
order to detect early events occurring during the apoptotic
process. As shown in Fig. 5D, only the full-length enzyme
(116 kDa) was detected in the lysates from the A375 or
A375R cells treated with diluents or 5 uM ABT-888 for 24 h.
Apart from the full-length enzyme, in the lysates from both
the A375 and A375R cells exposed to 25 yM ABT-888, we
observed the appearance of the 85-kDa band corresponding

to the 85-kDa cleaved PARP fragment that increased in the
cells exposed to 50 uM ABT-888. Interestingly, a very faint
85-kDa band appeared in lysates from A375R but not A375
cells treated with 10 M ABT-888, suggesting that, unlike the
sensitive cells, the resistant A375 cells were more responsive
to ABT-888-induced, PARPI-mediated apoptosis (Fig. 5D).
This finding is in agreement with the Annexin V assay data,
showing that a more robust increase in apoptosis was elicited
by ABT-888 in the resistant cells as compared to the BRAFi-
sensitive cell population (Fig. 5C). Taken together, these
findings indicate that ABT-888 reduces the viability and
induces the apoptosis of both A375 and A375R melanoma
cells in a dose-dependent manner. The findings also suggest
that BRAFi-resistant melanoma cells are more responsive to
the pro-apoptotic effects exerted by ABT-888 than their sensi-
tive counterparts.

Effect of ABT-888 on cytoskeletal organization, migration
and the Matrigel invasion of melanoma cells. Recently, it
has been reported that PARP confers increased melanoma
cell motility and that PARP inactivation represses actin
cytoskeleton machinery, which is required for the acquisition
of cell migratory ability (40,41). Therefore, in this study, we
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Figure 6. Inhibitory effect of ABT-888 on cytoskeletal organization and motility of melanoma cells. The A375 and A375R cells were treated with diluent or
5 uM ABT-888 for 24 h in complete growth medium at 37°C in humidified air with 5% CO, and then cytoskeletal organization and cell migration ability were
analyzed. (A) Representative images of A375 and A375R treated with diluents (none) or 5 uM ABT-888 and stained with rhodamine-conjugated phalloidin.
Nuclei were stained blue with DAPI. Scale bar, 10 ym; original magnification, x400. (B-D) Migration of (B) A375 and (C) A375R cells treated with diluents
(none) or 5 uM ABT-888 for 24 h in complete growth medium, monitored in real-time for 15 h as changes in cell index by the xCELLigence system. Cells
were seeded in CIM-16-well plates and allowed to migrate at 37°C, 5% CO,, toward diluents (CTRL) or RPMI containing 10% FBS (none). Data represent the
means + SD from a quadruplicate experiment. (D) Slopes represent the alteration rate in the cell index generated in a 1-15 h time frame by A375 (solid bars)

or A375R (dashed bars) cells.
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Figure 7. Inhibitory effect of ABT-888 on the invasion of melanoma cells on
Matrigel. The A375 or A375R cells exposed to diluents (none) or 5 xM ABT-888
for 24 h were re-suspended in serum-free medium and seeded on polymerized
Matrigel in Boyden chambers. Cells were allowed to invade the Matrigel toward
10% FBS for 18 h. For quantitative analysis of cell invasion, the value assessed
in the absence of FBS (control; CTRL) was taken as 100% and all values were
reported relative to that. Data represent the means + SD of 3 experiments per-
formed in triplicate. “P<0.001, statistically significant difference.

investigated whether ABT-888 treatment exerts an effect on
cytoskeletal organization and the motility of sensitive and
resistant A375 cells. In order to investigate the early intracel-
lular effects on cytoskeletal rearrangements occurring during
ABT-888 treatment and to avoid any effect of ABT-888 on
cell viability and apoptosis, cytoskeletal organization and cell
motility were analyzed in the A375 and A375R cells exposed

for 24 h to diluent (none) or to a low concentration of ABT-888
(5 pM). As the rhodamine-phalloidin staining of F-actin
polymerization revealed, the sensible A375 cells exhibited few
stress fibers parallel to the longitudinal axis of the cells and
actin aggregates near the membrane (Fig. 6A). Conversely, the
acquisition of resistance to BRAFi induced marked changes
in cell morphology. The A375R cells acquired a more elon-
gated morphology which reflected a marked reorganization of
actin into stress fibres spanning the length of the cells, often
localized at one pole of the cell (Fig. 6A). ABT-888 markedly
altered the cytoskeletal organization of both the A375 and
A375R cells with a general reduction in the amount of stress
fibres. In particular, treatment of the A375 cells with ABT-888
led to the appearance of condensed aggregates, mostly local-
ized below the membrane (Fig. 6A). These effects were not
due to ABT-888-induced apoptosis as no form of cleaved
PARP was found in the cells exposed to 5 uM ABT-888 for
24 h (Fig. 5D).

Alterations in cytoskeletal organization reflect the capa-
bility of cells to migrate. In this study, the ability of the sensitive
and dabrafenib-resistant A375 cells to migrate toward serum
(employed as a source of chemoattractant), was assessed using
the xCELLigence RTCA technology. The A375 and A375R
cells treated with diluents or 5 M ABT-888 for 24 h were
seeded in the upper compartment of CIM plates. The lower
chambers were filled with RPMI (CTRL) or RPMI containing
10% FBS (none). Cell migration was monitored in real-time for
15 h as the cell index changes due to the adhesion of migrating
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cells to microelectrodes (Fig. 6B-C). Of note, we found that
BRAFi resistance was associated with increased basal cell
migration, as compared to the sensitive A375 cells, prob-
ably due to the elongated morphology that reflected the high
concentration of the stress fibers spanning the length of A375R
cells. Accordingly, the A375R cells were able to respond more
efficiently to the chemotactic gradient (approximately a 3-fold
increase) than the A375 cells, as shown in the plot which reca-
pitulates the cell index changes generated in the 1-15 h time
frame (Fig. 6D). ABT-888 treatment did not affect basal cell
migration, as compared to the untreated cells (data not shown).
Despite different cell migratory abilities, both the A375 and
A375R cellsresponded to ABT-888 treatment to a similar extent,
as ABT-888 reduced the directional migration of the A375 and
A375R cells by 37 and 45%, respectively (Fig. 6B-D). Since
cell motility is a prerequisite for the acquisition of an invasive
phenotype, we examined the effects of ABT-888 treatment on
the capability of A375 and A375R cells to cross the Matrigel.
The cells were seeded in the upper compartment of Boyden
chambers. The lower chambers were filled with RPMI (CTRL)
or RPMI containing 10% FBS (FBS). We found that the A375
and A375R cells were able to cross the Matrigel to a similar
extent (391 and 414% of the basal cell invasion, respectively).
According to the cell migration data, pre-exposure of the cells
to 5 uM ABT-888 for 24 h caused a 22 and 44% inhibition of
the A375 and A375R cell invasive ability, respectively (Fig. 7).
Taken together, our data highlight the pivotal role of PARPI in
the migratory and invasive ability of melanoma cells, raising
the possibility that ABT-888 may be considered, not only as
a pro-apoptotic drug for the treatment of BRAFi-resistant
melanoma cells, but also as a good candidate for preventing the
migration and invasion of melanoma cells.

Discussion

In recent years, the development of therapies targeting BRAF
and MEK to block the MAPK pathway has improved the
overall survival of patients with melanoma. Despite these
landmark changes in practice, the majority of patients are
either intrinsically resistant or rapidly acquire resistance to
MAPK pathway inhibitors, imposing more complex combina-
torial therapeutic strategies (42,43). Thus, the aim of this study
was to investigate the possibility that PARP1/2 inhibitors may
be taken into account for the design of novel combinatorial
therapies. PARP1 expression is associated with the recur-
rence and/or progression of the disease (44). Thus, the use of
PARP inhibitors in combination with other cytotoxic agents
may represent an efficacious strategy. Accumulating evidence
indicates that PARP1 inhibitors abrogate resistance to temo-
zolomide, increasing the survival of tumor-bearing mice with
respect to treatment with temozolomide as a single agent, and
in preclinical tumor models (including melanoma), as well as
in clinical trials (31,45-47).

Among the PARP inhibitors, ABT-888 (veliparib) appears
most effective when used to treat solid tumors with underlying
defects in DNA repair, or when combined with DNA-damaging
agents and is currently undergoing clinical trials (48,49). In
this study, we present evidence that, in vitro, ABT-888 reduces
the viability and induces the apoptosis of melanoma cell lines,
independently of their BRAF/NRAS mutation status and in
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a dose-dependent manner, with the maximal effect being
reached in the 25-50 yM concentration range. We found that
ABT-888 promoted the apoptosis of both dabrafenib-sensitive
and -resistant A375 cells. Although we did not explore the
efficacy of ABT-888 alone in preventing melanoma growth in
mouse models, or its pharmacokinetic proprieties, our findings
strongly support the hypothesis that ABT-888 may prove to be
useful in the treatment of BRAFi-resistant melanoma cells, in
combination with other cytotoxic agents.

In addition to its direct role in DNA damage recognition and
repair, emerging evidence indicates that PARP1 regulates the
expression of key factors, such as vimentin and VE-cadherin
and is involved in epithelial-mesenchymal transition (41).
Furthermore, PARP inactivation has been documented to
suppress actin cytoskeleton machinery, which is required for the
acquisition of the cell migratory ability (40,50,51). Consequently,
targeting and inhibiting these important biological functions may
open up another avenue for melanoma therapy. In this study, we
provide evidence that ABT-888 prevents the directional migra-
tion of dabrafenib-sensitive, as well as dabrafenib-resistant A375
cells exposed to 5 uM ABT-888 for 24 h, arguing that combina-
torial approaches, including ABT-888, effectively improve the
prognosis of patients with metastatic melanoma. Notably, the
ABT-888 inhibitory effect on cell migration cannot be due to
apoptosis, since at the 5 M concentration, ABT-888 failed to
elicit PARP fragmentation in both the dabrafenib-sensitive and
-resistant A375 cells (Fig. 5D). Of note, we also found that the
melanoma cells failed to cross the Matrigel in Boyden chamber
assays following treatment with 5 M ABT-888 for 24 h.
Zhu et al reported that the PARPI1 inhibitor, benzyl-isothio-
cyanate, prevented the invasion of hepatocellular carcinoma
cells by downregulating the expression of matrix metallopro-
teinase (MMP)2 and MMP9 (52). In this study, although we
did not investigate the molecular mechanisms underlying the
inhibition of melanoma invasiveness by ABT-888, or whether,
similar to benzyl-isothiocyanate, ABT-888 decreases protease
activity, our findings encourage the inclusion of ABT-888 in
combinatorial therapies for the management of patients with
metastatic disease. Considering that, similar to other PARP1
inhibitors (53), ABT-888 has been proven to cross the blood
brain barrier (31), our findings support the notion that ABT-888
may provide some advantages for patients with melanoma with
brain metastases.

In conclusion, our data highlight the pivotal role of PARP1
in the migratory and invasive ability of melanoma cells, raising
the possibility that ABT-888 may be considered, not only as
a pro-apoptotic drug for the treatment of BRAFi-resistant
melanoma cells, but also a good candidate for preventing
the migration and invasion of melanoma cells, arguing that
combinatorial approaches including ABT-888 may effectively
improve the prognosis of patients with metastatic melanoma.
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