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ABSTRACT

Melanoma is an aggressive malignancy with a high metastatic potential.
microRNA-17 (miR-17) is a member of the oncogenic miR-17/92 cluster. Here we
study the effect of miR-17 on melanoma cell motility. Over expression of the mature or
pri-microRNA form of miR-17 in WM-266-4 and 624mel melanoma lines enhances cell
motility, evident in both wound healing and transwell migration assays. TargetScan
algorithm predicts the PEA3-subfamily member ETV1 as a direct target of miR-17.
Indeed, a 3-4 -fold decrease of ETV1 protein levels are observed following miR-17
transfection into the various melanoma lines, with no significant change in ETV1
mRNA expression. Dual luciferase experiments demonstrate direct binding of miR-17
to the 3’-untranslated region of ETV1, confirmed by abolishing point mutations in
the putative binding site. These combined results suggest regulation of ETV1 by
miR-17 by a direct translational repression. Further, in both melanoma cell lines
ETV1 knockdown by selective siRNA successfully pheno-copies the facilitated cell
migration, while overexpression of ETV1 inhibits cell motility and migration. Altered
ETV1 expression does not affect melanoma net-proliferation. In conclusion, we show a
new role for miR-17 in melanoma, facilitating cell motility, by targeting the translation
of ETV1 protein, which may support the development of metastasis.

Once processed from the hairpin and loaded into the
Argonaute protein of the silencing complex, the miRNAs
pair with mRNAs to direct posttranscriptional repression
by inhibiting mRNA translation or facilitating mRNA
degradation ([4], [5]). The seed region of each miRNA
(nucleotide positions 2—8) determines binding to specific
sites at 3'-untranslated regions (UTRs) of target mRNAs
[6]. miRNAs regulate a variety of biological processes,
including cell cycle, differentiation, development and
metabolism (reviewed in [7]). Accordingly, they participate

INTRODUCTION

Melanoma, a skin cancer that arises from malignant
transformation of melanocytes, is the most aggressive
form of skin cancer [1]. The melanocytes undergo stepwise
transformation to enable the aberrant growth, resistance
to apoptosis, highly invasive potential, adhesion, motility
and proteolytic capacity, which are all key biological
factors in the aggressive clinical course of the metastatic
disease (reviewed in [1], [2], [3]). Therefore, delineation

of these mechanisms form the basis of understanding the

pathogenesis and subsequent development of therapy.
MicroRNAs (miRNAs) are endogenous short

noncoding RNA molecules that regulate gene expression.

in many diseases including cancer ([8], [9]), controlling
cancer development, progression and metastasis in vitro, in
vivo and in patients ([10], [11]). The miRNA molecules act
either as oncogenes ([12], [13], [14]) or tumor suppressors
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([15], [16], [17], [18]) in a tissue dependent matter.
This is probably derived from the widely different gene
expression profile in each tissue ([19], [20]).

miR-17/92, a polycistronic miRNA cluster that
gives rise to miR-17 [21], is mostly considered to play an
oncogenic role [22], [23], [12]). Indeed, this cluster is highly
expressed in a variety of cancers, including melanoma ([6],
[24], [25]). It was reported to regulate normal development
and malignant transformation by promoting proliferation,
inhibiting differentiation and augmenting angiogenesis
([26], [27], [28]). While it was reported that miR-17
suppresses growth of cervical cancer cells and promotes
their apoptosis [29], as well as inhibits the proliferation of
some breast cancer cells [30], miR-17 is mostly considered
as an oncogene. It increases the invasiveness of breast cancer
[31] and prostate cancer [32], as well as the proliferation of
pancreatic cancer [33] and prostate cancer [32] cell lines.
We have shown that miR-17 enhances melanoma cell
proliferation by targeting the ADARI protein ([34], [35],
[36]). So far, the role of miR-17 in regulation of melanoma
cell migration has not been reported.

The ETS (E-twenty six) transcription factor family
contains 28 proteins. The ETS domain is the defining
characteristic of the encoded proteins, which is composed
of ~85 amino acids and binds to DNA sequences with a
5'-GGA(A/T)-3' core [37]. The 28 human ETS proteins
are clustered into 12 subgroups; one of them is PEA3
subfamily which consists of ETV1, ETV4 and ETVS. This
subgroup is known to contribute to various cancer types
development (reviewed in [38]).

ETV1 protein regulates many target genes that
modulate a variety of biological processes including growth,
migration, proliferation and differentiation (reviewed
in [38]). Studies suggest an oncogenic role for ETV1 in
different cancers, due to its tumor-promoting functional
features, for example proliferation of breast cancer [39],
proliferation and invasion of prostate cancer [40] [41].
Moreover, in Ewing sarcoma tumors, the EWS gene might
be translocated onto the ETV1 gene and the fusion protein
exerts oncogenic properties [42].

The current knowledge about the role of ETV1 and
mechanism in melanoma is very limited. A recent study
showed a small subset of melanomas (5.3%), which
over-expresses ETV1 [43]. Another work has identified
copy gains of ETV1 gene present in 13% of primary and
18% of metastatic melanomas, which correlated with
enhanced proliferation [44]. Whole-genome sequencing
in melanoma revealed six distinct re-arrangements
involving breakpoints within the ETV1 introns [45],
which are associated with ETV1 amplification. Taken
together in melanoma, the role of ETV1 and its mode
of regulation are still mostly unknown. Here we
demonstrate that ETV1 inhibits melanoma cell migration,
and further define miR-17 as a direct regulator of ETV1
expression at the protein translation level.

RESULTS

miR-17 enhances the motility of melanoma cells

In order to evaluate the functional effect of miR-17
on melanoma cells, pri-miR-17 was cloned and stably
over-expressed in WM-266-4 and 624mel melanoma
cell lines. An empty vector (mock) served as control.
Over-expression of miR-17 was confirmed with qPCR
(Figure 1A). The transductant cells were tested in-vitro
for motility by wound healing assay. Remarkably, miR-17
substantially enhanced the motility of both WM-266-4 and
624mel melanoma cell lines by 35% and 66% respectively,
as compared to the control cells (Figure 1B-1C).

miR-17 enhances the migration
of melanoma cells

In order to test directly the effect of the mature
miR-17, as well as to obtain higher expression levels
of miR-17, we transiently transfected WM-266-4 and
624mel cells with mature miR-17 or with a scrambled
sequence miRNA (scramble), as control. Over-expression
of mature miR-17 was confirmed by qPCR (Figure 2A).
The transfected cells were tested in-vitro for migration
through transwell system, using the XCELLigence Real
Time Cell Analyzer. Concurring with the wound healing
experiments, overexpression of the mature miR-17
substantially enhanced the migratory ability of both
WM-266-4 and 624mel cell lines as compared to the
control cells (Figure 2B-2C).

miR-17 is a direct regulator of ETV1

Next we aimed to reveal the mechanism through
which miR-17 enhances motility and migration of
melanoma cells. Application of the bioinformatics
algorithm TargetScan, resulted in a list of potential miR-17
target genes [4]. We selected ETV1 as a possible target
of miR-17, due to the fact that its role in melanoma has
not been fully elucidated ([43], [44], [45]) and studies of
prostate cancer exhibited that ETV1 affects the migratory
ability of the cells ([34], [41]). The potential targeting
of ETV1 by miR-17 was further validated with two
additional independent prediction tools (i.e. miRDB and
PITA; data not shown) [46, 47].

The effect of miR-17 over expression on ETV1
mRNA and protein levels was tested in both WM-266-4
and 624mel cells. While there were no significant changes
in the mRNA levels of ETV1, the protein levels decreased
substantially (Figure 3A-3B). Direct binding of miR-17 to
the 3'UTR of ETV1 was demonstrated with dual luciferase
assay. Indeed, a 48% reduction in luciferase activity
was demonstrated following miR-17 over-expression
(Figure 3C). Abolishment of the putative binding within
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Figure 1: miR-17 enhances the motility of melanoma cells. A. miR-17 over-expression in melanoma transductants (WM-266-4
and 624mel) was confirmed with qPCR; B. Wound healing assay of miR-17 transductants. A scratch was performed after cells reached
full confluence and microphotographs were taken at 0 h and 16 h. Figure shows representative microphotographs at x100 magnification;
C. Wound healing assay analysis. Quantification of the stripped area width was performed with ImageJ. Figure represents the mean of three
independent experiments. *denotes P < 0.05, **denotes P < 0.01, ***denotes P < 0.001 (2-tailed #-test).

the 3'UTR with point mutations significantly enhanced
the luciferase activity over basal level (Figure 3C). This is
explained by the effect of endogenous miR-17 expression.
Importantly, the mutated construct was unaffected by
overexpression of miR-17. These combined results
strongly suggest that miR-17 directly targets ETV1 by
translational repression.

Knockdown of ETV1 pheno-copies the effect
of miR-17 overexpression

The expression of ETV1 was selectively knocked
down with siRNA in WM-266-4 and 624mel cells.
A scrambled sequence siRNA served as control.
Knockdown of ETV1 was confirmed with qPCR and
Western blot (Figure 4A-4B). The cells were then tested
for migration in vitro by applying the XCELLigence
transwell-based migration assay. Remarkably, knockdown
of ETV1 significantly enhanced the migratory ability of
both WM-266-4 and 624mel melanoma cell lines, as
compared to the control cells (Figure 4C-4D). These
results strongly suggest that the effect of miR-17 on
migration (Figure 1-2) is mediated by ETV1, which it
directly downregulates (Figure 3).

ETV1 inhibits the motility and migration
without affecting net-proliferation of
melanoma cells

To validate the effect of ETV1 on melanoma
motility and migration, it was stably overexpressed in
WM-266-4 and 624mel cells. An empty vector (mock),
served as negative control. Overexpression of ETV1
was confirmed with qPCR followed by Western blot
(Figure 5A-5B). Motility was tested with wound healing
assays. Remarkably, ETV1 overexpression substantially
decreased the motility of both WM-266-4 and 624mel
melanoma cell lines by 40% and 57% respectively, as
compared to the control cells (Figure 5C-5D). Similar
results were observed when the same transfectants were
tested for migration in transwell assay. Indeed, ETV1
overexpression significantly inhibited the migratory ability
of both WM-266-4 and 624mel melanoma cell lines by
58% and 22% respectively, as compared to the control
cells (Figure 6A). In order to rule out the possibility that
the observed effects of ETV1 on motility and migration
are confounded by enhanced proliferation, the ETV1-
and mock-transduced melanoma cells were tested with
XTT-based net-proliferation assay. Importantly, ETV1
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Figure 2: miR-17 enhances the migration of melanoma cells. A. Mature miR-17 over-expression in melanoma cell lines transient
transfectants (WM-266-4 and 624mel) was confirmed with qPCR. *denotes P < 0.05 (2-tailed #-test). B-C. Migration of miR-17 or scramble
sequence transfectants was quantified by measurement of electric impedance differences of the transwell, using the xCELLigence RTCA.
Figures represent a representative experiment out of three for each melanoma cell line.

overexpression has little or no effect on the proliferative
activity of melanoma cells (Figure 6B).

DISCUSSION

miRNAs are recognized for their ability to regulate
gene expression and thereby a wide range of physiological
and pathological processes, by modulating mRNA stability
and translation (reviewed in [4] and [7]). Evidence
show that perturbation of miRNA expression patterns
contributes to the development of a variety of cancers,
including melanoma ([48], [49], [50]). Despite the wealth
of information on the oncogenic miR-17 in various
malignancies, its role in melanoma is still poorly studied.
It was reported that it is overexpressed in some melanoma
patients [35], and we have previously demonstrated its
proliferative effects in melanoma ([34], [35], [36]). Here
we show that miR-17 facilitates melanoma cell motility
and migration.

We show that over-expression of miR-17
significantly increases cell motility and migration of
melanoma cells (Figures 1-2). Our findings are in line with
previous reports of miR-17 affecting migration in other
non-melanoma cancers ([31], [51]). Three independent
prediction tools identified a single 8-mer conserved

binding site of ETV1 as a possible direct target of miR-17.
Indeed, miR-17 directly inhibited protein production
but did not affect the mRNA levels of ETV1 (Figure 3).
Moreover, knockdown of ETVI1 with ETVI-specific
siRNA pheno-copies the enhanced migration observed
by overexpressing miR-17 (Figure 4). As expected,
overexpression of ETV1 inhibited motility and migration,
but had no effect on net-proliferation (Figures 5-6).
ETV1 is a transcription factor, which has been
shown to enhance the migration of prostate cancer
cells [40]. The results presented in Figures 4-6 clearly
support an opposite, inhibitory, effect of ETV1 on the
motility and migration of melanoma cells. Noteworthy,
the effect was robust and was demonstrated in two
different cell lines, with two different biological assays
and using two independent methodologies (knockdown
and overexpression). Moreover, as opposed to other
malignancies such as breast, prostate and Ewing sarcoma
([39], [42], [40], [41]), in which ETV1 affects proliferation,
we demonstrate that ETV1 has no effect on melanoma cell
proliferation (Figure 6B). This might be explained through
differential gene expression profile between cancers [20].
Such differential gene expression might affect the ETV1-
regulated gene repertoire. Our combined results therefore
suggest that ETV1 has a suppressive role in melanoma.
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Figure 3: miR-17 is a direct translational repressor of ETV1. A. The mRNA levels of ETV1 following transfection with scrambled
sequence (mock) or miR-17 in the indicated melanoma cell lines was confirmed with qPCR. Figure shows the mean of 3 independent
experiments performed; B. ETV1 expression at the protein level was determined by Western blot following transfection with scrambled
sequence (mock) or miR-17 in the indicated melanoma cell lines. Actin levels served as control. Normalized densitometry values of ETV1
relative to actin are indicated. A representative blot is shown out of 3 experiments performed; C. UTR and mut-UTR denote ETV1 3'UTR
segments containing the reference sequence or mutated sequence in the miR-17-binding site, respectively. Those were cotransfected with
miR-17 (miR-17 over-expression) or with an empty vector (mock) to 293T cells. Figure shows the mean of 3 independent experiments
performed Y-axis denotes normalized Renilla luciferase activity. ***denotes P < 0.001 (2-tailed #-test).

A recent study showed a very small subset of
melanomas (5.3%) that over-expresses ETV1, but the
function was not directly tested [43]. Another report
suggested that ETV1 may play a role in melanocyte
transformation and melanoma-genesis and has identified
copy gains of ETV1 gene present in 13% of primary and
18% of metastatic melanomas. Two cell lines with focal
ETV1 amplification demonstrated ETV1 dependency
in melanoma proliferation, and ETV1 co-expression
with oncogenic mutant NRAS or BRAF demonstrated
enhanced proliferation. On the other hand, enhanced,
ETVI1-dependent, proliferation was also observed in a
single melanoma cell line that lacked ETV1 amplification.
In our study, ETV1 had no effect on the proliferation of
melanoma cell lines, despite oncogenic BRAF mutations
V600E (624mel) or V600D (WM-266-4). The differences
may represent cell line variability. Importantly, we present
evidence that ETV1 suppresses motility and migration
of melanoma cells and therefore function as a tumor
suppressor. To the best of our knowledge, there is only one
report, on fibrosarcoma, that suggests an inhibitory role

for ETV1, resulting in increased expression of mRNA of
pl4AREF [52], a known tumor suppressor which activates
p53 [53]. Worth noting, the majority of melanomas in fact
lack ETV1 amplification, representing > 80% of the cases
[44]. The rate of ETV1 gene loss in melanoma is unknown.
Whole-genome sequencing in melanoma revealed six
distinct re-arrangements involving breakpoints within
the ETV1 introns [45], which are associated with ETV1
amplification. In this report we found evidence for ETV1
downregulation by a post transcriptional mechanism,
mediated via miR-17.

A combination of qPCR and Western blot
experiments on the miR-17 transductants, indicates that
ETV1 is regulated by miR-17 predominantly at the protein
translation level. Dual luciferase experiments supported
direct regulation. The minor effect on mRNA level of
ETV1 following transfection of the mature miR-17 is
probably due to the radically higher expression of miR-17.
It was demonstrated in gastrointestinal stromal tumors
that ETV1 is a target of miR-17 [54]. In this study, we
demonstrate new evidence that miR-17 induces melanoma
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Figure 4: Knockdown of ETV1 expression enhances the migration of melanoma cells. A. Transfection of siRNA against
ETV1 was performed in the indicated melanoma cell lines. mRNA levels of ETV1 was confirmed with qPCR. Figure shows the mean of
3 independent experiments performed; B. ETV1 expression at the protein level was determined by Western blot following transfection
with scrambled sequence (mock) or siRNA against ETV1 in the indicated melanoma cell lines. Actin levels served as control. Normalized
densitometry values of ETV1 relative to actin are indicated. A representative blot is shown out of 3 experiments performed; C-D. Migration
of transfectants was quantified by measurement of electric impedance differences of the transwell with the xCELLigence RTCA instrument.
Figures represent a representative experiment out of three for each melanoma cell line. ***denotes P < 0.001 (2-tailed #-test).

cell motility and migration by targeting directly the ETV1
protein at the protein translation level. We show that
ETV1 inhibits melanoma cell motility and migration and
functions as a tumor suppressor. These results are expected
to contribute to our mechanistic understanding of how
metastatic melanoma develops as well as to pointing out
on new possible molecular targets for development of
future therapeutic technologies.

MATERIALS AND METHODS

Cells

The human cutaneous melanoma cell line
WM-266-4 was purchased from ATCC, and 624mel
was obtained from the NIH (obtained from Dr. Steven
Rosenberg, Surgery branch of NCI, Bethesda, MD).
All melanoma cultures were grown in RPMI medium
supplemented with 10% fetal bovine serum (FBS), 100 pg/
ml Pen/Strep, 2 mM L-Glutamine, 25 mM Hepes and

I mM sodium pyruvate (all from Biological Industries,
Kibbutz Beit-Haemek, Israel). Stable transductants
were cultured similarly in RPMI, but with the addition
of 1 pg/ml Puromycine (Calbiochem, USA). 293T cell
line (ATCC, USA) was cultured in DMEM (Biological
Industries, Kibbutz Beit-Haemek, Israel) containing
10% FBS, 100 pg/ml Pen/Strep, 2 mM L-Glutamine,
I mM sodium pyruvate and nonessential amino acids
(with final concentration x1).

Cloning into mammalian expression vector

ETV1  coding sequence, ETV1 3'UTR
and  pri-miR-17  were = PCR-amplified  from
genomic DNA of melanocytes, applying specific
primers (ETV1 coding sequence primers are
Fw  ATGGATGGATTTTATGACCAG and Rev
TTAATACACGTAGCCTTCGTTG; ETVI1 3'UTR

primers are Fw CAAGTGACAGTCAAGCAGGG and
Rev TGTAGGACCCCATCCCAA; miR-17 primers are
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Figure 5: ETV1 inhibits the motility of melanoma cells. A. ETV1 over-expression in melanoma cell lines transductants (WM-
266-4 and 624) was confirmed with qPCR. *denotes P < 0.05, ***denotes P < 0.001 (2-tailed z-test). B. ETV1 over-expression of ETV1
transductants determined by Western blot, using anti-ETV1 and anti-actin antibodies. A representative blot is shown with imageJ analysis
values of ETV1 relative expression. C. Wound healing assay of ETV1 transductants. A scratch was performed after cells reached full
confluence and microphotographs taken at 0 h and 16 h. Figure shows representative microphotographs at x100 magnification. D. Wound
healing assay analysis. Quantification of the stripped area width was accomplished by imagelJ. Figure represents the mean of three
independent experiments. *denotes P < 0.05, ***denotes P < 0.001 (2-tailed #-test).

Fw GCTGAATTTGTATGGTTTATAGTTGTTA and Rev
GCACCTTAGAACAAAAAGCACT). ETVI1 coding
sequence and miR-17 sequences were cloned into pQCXIP
vector (Clontech laboratories, Mountain View, CA), by
applying enzymatic restriction reaction with the Notl
and EcoRI restriction enzymes (New England Biolabs,
Ipswich, MA). ETV1 3'UTR sequence was cloned into
psiCHECK-2 vector (Promega, Fitchburg, WI), with
the Xhol and Notl restriction enzymes (New England
Biolabs, Ipswich, MA). Empty vectors (e.g. pQCXIP
and psiCHECK-2) were served as negative control. All
cloned inserts were fully sequenced (Hylabs Laboratories,
Rehovot, Israel).

Cells transductions

1.5 x 105 293T cells were seeded in a 6-well plate
and cultured overnight in DMEM containing 10% FBS
(DMEM/FBS). On day 1, cells were transfected with
a mixture of 1 pg GAG-POL, 1 pg Envelope, 2 ng
of each of the pQCXIP constructs (ETV1, miR-17 or
empty vector) and 6 pl of Turbofect reagent (Thermo
scientific, Waltham, MA). After six hours of incubation
at 37°C, the cells were washed and re-cultured in fresh
DMEM/FBS. On day 2, 1.5 x 10° melanoma cells

were placed in each well of 6-well plates and cultured
overnight in RPMI containing 10% FBS (e.g. T2). On
day 3, the melanoma cells were infected with 6ml of
0.45 pm-filtered virion-containing medium of the 293T
cells. After incubation at 37°C for 6 hours, the infected
melanoma cells were washed and re-cultured with
fresh T2. The aforementioned infection procedure was
repeated the next day on the same melanoma culture.
48 hours after the second infection, selection was
performed by addition of 1 pg/ml puromycine into the
culture medium.

Cells transfections: miR17 or siRNA of ETV1

1 x 10° melanoma cells were seeded in 100 mm
plate and cultured in T2. On day 1, cells were transfected
with a mixture of 20 pl Jet-prime reagent (Polyplus,
Illkirch, France), 500 pl of Jet-prime buffer and either
10 nM of miR-17 (Sigma-Aldrich, St. Louis, MO),
5-10 nM of ETV1 siRNA (Sigma-Aldrich, St. Louis, MO)
or same concentration of scrambled sequence siRNAs
respectively. After incubation at 37°C overnight, the
transfected melanoma cells were washed and re-cultured
with fresh T2. Functional assays were applied on the cells
48 hours post transfection.
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RNA isolation

Total RNA was isolated with Tri Reagent (Sigma-
Aldrich, St. Louis, MO) according to the manufacturer’s
instructions.

Real-time PCR analysis

First, cDNA of genes was generated by transcriptor
universal cDNA master kit (Roche, Penzberg Germany)
and cDNA of miRNAs by miRCURY LNA™ universal
cDNA synthesis kit (Exiqon, Vedbaek Denmark)
according to the manufacturer’s instructions.

Gene expression was measured with the SYBR
green I master (Roche, Penzberg Germany) and gene-
specific primers. For miRNAs detection, the SYBR Green
master mix and specific-miRNA LNA primers were used
according to the manufacturer’s instructions (Exiqon,
Vedbaek Denmark). The real-time PCR (qPCR) reactions
were normalized to GAPDH or SNORD48 endogenous
control respectively.

Detection was carried out using the LC480 qPCR
machine (Roche, Penzberg Germany) according to the
manufacturer’s guidelines, followed by melting curve
analysis at the end of the run.

Western blot

Lysates of 5 x 10° cells were analyzed by
SDS-PAGE. Western blot for ETV1 (Abcam,
Cambridge UK) and B-actin (MP Biochemicals, Santa
Ana, CA) with specific antibodies, which was developed
with standard ECL reaction, as previously described [34].

Wound healing assay

5 x 10° melanoma cells were seeded in triplicates
in a 6-well plates and cultured for two days to reach full
confluence. Cell monolayers were scratched (“wounded”)
by dragging a 1 ml pipette tip across the well followed
by wash with PBS in order to remove cell debris. Images
of the scratch were taken at 0 and 16 h with the Olympus
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CKX31 microscope (magnification x10) and camera
(Olympus, Tokyo Japan).

xCELLigence real time cell analysis
(RTCA-DP) migration assay

8 x 10* melanoma cells were seeded in duplicates
into the upper wells on top of the 8 um pores membrane
of a CIM-Plate 16 (ACEA Biosciences, San Diego, CA),
in RPMI. The lower well contained the same medium
supplemented with 10% FBS and 25 mM Hepes. During
24 h of incubation at 37°C, the xCELLigence RTCA
quantified the migration by measurement of electric
impedance differences of the membrane every 15 minutes
(cell index). Cell index > 0.2 is considered to be active
cell migration.

Transwell migration assay

Migration was tested in modified Boyden chambers.
Briefly, 2 x 10° melanoma cells were re-suspended in
RPMI containing 0.1% FBS and seeded in triplicates
into the upper wells of a 8 pum pores Transwell migration
system (Greiner bio-one, Vilvoorde Belgium). The lower
well contained the same medium supplemented with
10% FBS and 25 mM Hepes. After 12 h of incubation
at 37°C, cells in the upper well, which did not migrate,
were removed using cotton swabs. The number of cells
that migrated through the membranes was measured by
standardized XTT staining (Biological-Industries, Kibbutz
Beit-Haemek Israel), according to the specific regression
equation that was determined for each cell line tested.

Net cell proliferation

5 x 10°* melanoma cells were seeded in triplicate
wells in a 96F-well microplates. Net-proliferation was
determined by XTT colorimetric assay (Biological-
Industries, Kibbutz Beit-Haemek Israel), according
to manufacturer’s instruction. Following background
subtraction, the O.D. values were transformed into viable
cells counts according to the specific regression equation
that was determined for each cell line tested.

Luciferase reporter assay

10 x 103 293T cells were seeded in sixplicates in a
96 well plate. The cells were co-transfected with 1 pg of
psiCheck2-ETV1 3'UTR (e.g. ETV1 UTR) or psiCheck2-
ETV1 mutated 3'UTR (e.g. ETV1 mut-UTR) and 0.1 pg
of the pQCXIP-miR-17 (e.g. miR-17) or pQCXIP-empty
vector (e.g. mock) as control. Cells were harvested
48 hours after transfection and assayed with Dual
Luciferase Reporter Assay System (Promega, Fitchburg,
WI) according to the manufacturer’s instructions.

ImageJ software

Wound healing images were analyzed by applying
the Rectangular tool of ImageJ. Western blot images were
analyzed by applying the Straight tool of ImageJ [55].

Statistics

Data were analyzed by applying the unpaired
2-tailed and paired 1-tailed Student’s 7 tests. P.value <
0.05 was considered significant.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Miller AJ, Mihm MC Jr. Melanoma. N Engl J Med. 2006;
355:51-65.

2. Bennett DC. How to make a melanoma: what do we know
of the primary clonal events? Pigment Cell Melanoma Res.
2008; 21:27-38.

3. Melnikova VO, Bar-Eli M. Transcriptional control of the

melanoma malignant phenotype. Cancer Biol Ther. 2008;

7:997-1003.

Bartel DP. MicroRNAs: target recognition and regulatory

functions. Cell. 2009; 136:215-233.

5. Cullen BR. Viruses and microRNAs. Nat Genet. 2006;
:S25-30.

6. Howell PM Jr., Li X, Riker Al, Xi Y. MicroRNA in
Melanoma. Ochsner J. 2010; 10:83-92.

7. Garzon R, Calin GA, Croce CM. MicroRNAs in Cancer.
Annu Rev Med. 2009; 60:167-179.

8. Krol J, Loedige I, Filipowicz W. The widespread regula-
tion of microRNA biogenesis, function and decay. Nat Rev
Genet. 2010; 11:597-610.

9. Kong YW, Ferland-McCollough D, Jackson TJ, Bushell M.

microRNAs in cancer management. Lancet Oncol. 2012;

13:€249-258.

Calin GA, Croce CM. MicroRNA signatures in human can-

cers. Nat Rev Cancer. 2006; 6:857-866.

Ma L, Weinberg RA. MicroRNAs in malignant progression.

Cell Cycle. 2008; 7:570-572.

Hayashita Y, Osada H, Tatematsu Y, Yamada H,

Yanagisawa K, Tomida S, Yatabe Y, Kawahara K,

Sekido Y, Takahashi T. A polycistronic microRNA clus-

ter, miR-17-92, is overexpressed in human lung can-

10.

11.

12.

cers and enhances cell proliferation. Cancer Res. 2005;
65:9628-9632.

Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an
antiapoptotic factor in human glioblastoma cells. Cancer
Res. 2005; 65:6029-6033.

13.

www.impactjournals.com/oncotarget

19014

Oncotarget



15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

. Voorhoeve PM, le Sage C, Schrier M, Gillis AJ, Stoop H,

Nagel R, Liu YP, van Duijse J, Drost J, Griekspoor A,
Zlotorynski E, Yabuta N, De Vita G, Nojima H,
Looijenga LH, Agami R. A genetic screen implicates
miRNA-372 and miRNA-373 as oncogenes in testicular
germ cell tumors. Cell. 2006; 124:1169-1181.

Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M,
Shimizu M, Wojcik SE, Ageilan RI, Zupo S, Dono M,
Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ,
Negrini M, et al. miR-15 and miR-16 induce apopto-
sis by targeting BCL2. Proc Natl Acad Sci U S A. 2005;
102:13944-13949.

Takamizawa J, Konishi H, Yanagisawa K, Tomida S,
Osada H, Endoh H, Harano T, Yatabe Y, Nagino M,
Nimura Y, Mitsudomi T, Takahashi T. Reduced expression
of the let-7 microRNAs in human lung cancers in asso-
ciation with shortened postoperative survival. Cancer Res.
2004; 64:3753-3756.

Michael MZ, SM OC, van Holst Pellekaan NG, Young GP,
James RJ. Reduced accumulation of specific microRNAs
in colorectal neoplasia. Mol Cancer Res. 2003; 1:882—891.

lorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R,
Sabbioni S, Magri E, Pedriali M, Fabbri M, Campiglio M,
Menard S, Palazzo JP, Rosenberg A, Musiani P, Volinia S,
Nenci I, et al. MicroRNA gene expression deregulation in
human breast cancer. Cancer Res. 2005; 65:7065-7070.

Su Al, Wiltshire T, Batalov S, Lapp H, Ching KA, Block D,
Zhang J, Soden R, Hayakawa M, Kreiman G, Cooke MP,
Walker JR, Hogenesch JB. A gene atlas of the mouse and
human protein-encoding transcriptomes. Proc Natl Acad Sci
U S A.2004; 101:6062—-6067.

Ramaswamy S, Tamayo P, Rifkin R, Mukherjee S,
Yeang CH, Angelo M, Ladd C, Reich M, Latulippe E,
Mesirov JP, Poggio T, Gerald W, Loda M, Lander ES,
Golub TR. Multiclass cancer diagnosis using tumor gene
expression signatures. Proc Natl Acad Sci U S A. 2001;
98:15149-15154.

Tanzer A, Stadler PF. Molecular evolution of a microRNA
cluster. ] Mol Biol. 2004; 339:327-335.

He L, Thomson JM, Hemann MT, Hernando-Monge E,
Mu D, Goodson S, Powers S, Cordon-Cardo C, Lowe SW,
Hannon GJ, Hammond SM. A microRNA polycistron as
a potential human oncogene. Nature. 2005; 435:828-833.
Olive V, Jiang I, He L. mir-17-92, a cluster of miRNAs in
the midst of the cancer network. Int J Biochem Cell Biol.
2010; 42:1348-1354.

Kandalam MM, Beta M, Maheswari UK, Swaminathan S,
Krishnakumar S. Oncogenic microRNA 17-92 cluster is
regulated by epithelial cell adhesion molecule and could be
a potential therapeutic target in retinoblastoma. Mol Vis.
2012; 18:2279-2287.

Koga Y, Yasunaga M, Takahashi A, Kuroda J, Moriya Y,
Akasu T, Fuyjita S, Yamamoto S, Baba H, Matsumura Y.
MicroRNA expression profiling of exfoliated colonocytes

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

isolated from feces for colorectal cancer screening. Cancer
Prev Res (Phila). 2010; 3:1435-1442.

Ventura A, Young AG, Winslow MM, Lintault L,
Meissner A, Erkeland SJ, Newman J, Bronson RT,
Crowley D, Stone JR, Jaenisch R, Sharp PA, Jacks T.
Targeted deletion reveals essential and overlapping func-
tions of the miR-17 through 92 family of miRNA clusters.
Cell. 2008; 132:875-886.

Doebele C, Bonauer A, Fischer A, Scholz A, Reiss Y,
Urbich C, Hofmann WK, Zeiher AM, Dimmeler S.
Members of the microRNA-17-92 cluster exhibit a cell-
intrinsic antiangiogenic function in endothelial cells. Blood.
2010; 115:4944-4950.

LuY, Thomson JM, Wong HY, Hammond SM, Hogan BL.
Transgenic over-expression of the microRNA miR-17-92
cluster promotes proliferation and inhibits differentia-
tion of lung epithelial progenitor cells. Dev Biol. 2007;
310:442-453.

Wei Q, Li YX, Liu M, Li X, Tang H. MiR-17-5p targets
TP53INP1 and regulates cell proliferation and apoptosis of
cervical cancer cells. [IUBMB Life. 2012; 64:697-704.

Hossain A, Kuo MT, Saunders GF. Mir-17-5p regulates
breast cancer cell proliferation by inhibiting translation of
AIB1 mRNA. Mol Cell Biol. 2006; 26:8191-8201.

Li H, Bian C, Liao L, Li J, Zhao RC. miR-17-5p promotes
human breast cancer cell migration and invasion through
suppression of HBP1. Breast Cancer Res Treat. 2011;
126:565-575.

Yang X, Du WW, Li H, Liu F, Khorshidi A, Rutnam ZJ,
Yang BB. Both mature miR-17-5p and passenger
strand miR-17-3p target TIMP3 and induce prostate
tumor growth and invasion. Nucleic Acids Res. 2013;
41:9688-9704.

Yu J, Ohuchida K, Mizumoto K, Fujita H, Nakata K,
Tanaka M. MicroRNA miR-17-5p is overexpressed in
pancreatic cancer, associated with a poor prognosis, and
involved in cancer cell proliferation and invasion. Cancer
Biol Ther. 2010; 10:748-757.

Nemlich Y, Greenberg E, Ortenberg R, Besser MJ,
Barshack I, Jacob-Hirsch J, Jacoby E, Eyal E, Rivkin L,
Prieto VG, Chakravarti N, Duncan LM, Kallenberg DM,
Galun E, Bennett DC, Amariglio N, et al. MicroRNA-
mediated loss of ADAR1 in metastatic melanoma promotes
tumor growth. J Clin Invest. 2013; 123:2703-2718.

Greenberg E, Hershkovitz L, Itzhaki O, Hajdu S,
Nemlich Y, Ortenberg R, Gefen N, Edry L, Modai S,
Keisari Y, Besser MJ, Schachter J, Shomron N, Markel G.
Regulation of cancer aggressive features in melanoma cells
by microRNAs. PLoS One. 2011; 6:e18936.

Greenberg E, Hajdu S, Nemlich Y, Cohen R, Itzhaki O,
Jacob-Hirsch J, Besser MIJ, Schachter J, Markel G.
Differential regulation of aggressive features in melanoma
cells by members of the miR-17-92 complex. Open Biol.
2014; 4:140030.

WWw

.impactjournals.com/oncotarget

19015

Oncotarget



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sharrocks AD, Brown AL, Ling Y, Yates PR. The
ETS-domain transcription factor family. Int J Biochem Cell
Biol. 1997; 29:1371-1387.

Oh S, Shin S, Janknecht R. ETV1, 4 and 5: an oncogenic
subfamily of ETS transcription factors. Biochim Biophys
Acta. 2012; 1826:1-12.

Shin S, Bosc DG, Ingle JN, Spelsberg TC, Janknecht R.
Rclis anovel ETV1/ERS] target gene upregulated in breast
tumors. J Cell Biochem. 2008; 105:866-874.

Shin S, Oh S, An S, Janknecht R. ETS variant 1 regulates
matrix metalloproteinase-7 transcription in LNCaP prostate
cancer cells. Oncol Rep. 2013; 29:306-314.

Rahim S, Uren A. Emergence of ETS transcription factors
as diagnostic tools and therapeutic targets in prostate can-
cer. Am J Transl Res. 2013; 5:254-268.

Janknecht R. EWS-ETS oncoproteins: the linchpins of
Ewing tumors. Gene. 2005; 363:1-14.

Mehra R, Dhanasekaran SM, Palanisamy N, Vats P, Cao X,
Kim JH, Kim DS, Johnson T, Fullen DR, Chinnaiyan AM.
Comprehensive Analysis of ETS Family Members in
Melanoma by Fluorescence In Situ Hybridization Reveals
Recurrent ETV1 Amplification. Transl Oncol. 2013;
6:405-412.

Jane-Valbuena J, Widlund HR, Perner S, Johnson LA,
Dibner AC, Lin WM, Baker AC, Nazarian RM,
Vijayendran KG, Sellers WR, Hahn WC, Duncan
LM, Rubin MA, Fisher DE, Garraway LA. An onco-
genic role for ETV1 in melanoma. Cancer Res. 2010;
70:2075-2084.

Berger MF, Hodis E, Heffernan TP, Deribe YL,
Lawrence MS, Protopopov A, Ivanova E, Watson IR,
Nickerson E, Ghosh P, Zhang H, Zeid R, Ren X,
Cibulskis K, Sivachenko AY, Wagle N, et al. Melanoma
genome sequencing reveals frequent PREX2 mutations.
Nature. 2012; 485:502-506.

Kertesz M, Iovino N, Unnerstall U, Gaul U, Segal E. The
role of site accessibility in microRNA target recognition.
Nat Genet. 2007; 39:1278-1284.

Wong N, Wang X. miRDB: an online resource for

microRNA target prediction and functional annotations.
Nucleic Acids Res. 2015; 43:D146-152.

48.

49.

50.

51.

52.

53.

54.

55.

Zhang L, Huang J, Yang N, Greshock J, Megraw MS,
Giannakakis A, Liang S, Naylor TL, Barchetti A, Ward MR,
Yao G, Medina A, O'Brien-Jenkins A, Katsaros D,
Hatzigeorgiou A, Gimotty PA, et al. microRNAs exhibit
high frequency genomic alterations in human cancer. Proc
Natl Acad Sci U S A. 2006; 103:9136-9141.

Kobayashi E, Hornicek FJ, Duan Z. MicroRNA Involvement
in Osteosarcoma. Sarcoma. 2012; 2012:359739.

Srivastava A, Goldberger H, Dimtchev A, Ramalinga M,
Chijioke J, Marian C, Oermann EK, Uhm S, Kim JS,
Chen LN, Li X, Berry DL, Kallakury BV, Chauhan SC,
Collins SP, Suy S, et al. MicroRNA profiling in prostate
cancer—the diagnostic potential of urinary miR-205 and
miR-214. PLoS One. 2013; 8:¢76994.

Yang F, Yin Y, Wang F, Wang Y, Zhang L, Tang Y, Sun S.
miR-17-5p Promotes migration of human hepatocellular
carcinoma cells through the p38 mitogen-activated protein
kinase-heat shock protein 27 pathway. Hepatology. 2010;
51:1614-1623.

Zynda E, Jackson MW, Bhattacharya P, Kandel ES. ETV1
positively regulates transcription of tumor suppressor ARF.
Cancer Biol Ther. 2013; 14:1167—-1173.

Maggi LB Jr., Winkeler CL, Miceli AP, Apicelli AJ,
Brady SN, Kuchenreuther MJ, Weber JD. ARF tumor sup-
pression in the nucleolus. Biochim Biophys Acta. 2014;
1842:831-839.

Gits CM, van Kuijk PF, Jonkers MB, Boersma AW,
van Ijcken WF, Wozniak A, Sciot R, Rutkowski P,
Schoffski P, Taguchi T, Mathijssen RH, Verweij J,
Sleijfer S, Debiec-Rychter M, Wiemer EA. MiR-17-92
and miR-221/222 cluster members target KIT and ETV1 in
human gastrointestinal stromal tumours. Br J Cancer. 2013;
109:1625-1635.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to
Imagel: 25 years of image analysis. Nat Methods. 2012;
9:671-675.

www.impactjournals.com/oncotarget

19016

Oncotarget



