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a b s t r a c t

The transcription factor, TBX3, is a key driver of malignant melanoma and any drug that impacts its
expression is likely to have an impact on the treatment of this highly aggressive and treatment resistant
cancer. Replacement of miRNAs that target oncogenes has gained much attention as a therapy because it
is anticipated to be effective with little side-effects since miRNAs are naturally occurring and often target
large set of genes in the same oncogenic pathway. Here we show that miR-137 levels correlate inversely
with TBX3 mRNA levels in a panel of melanoma cell lines and in a cohort of patients with primary
melanoma. Low levels of miR-137 and high levels of TBX3 are shown to be associated with poor patient
survival. We show that miR-137 binds a conserved site in the TBX3 30 untranslated region and that a miR-
137 mimic significantly reduces endogenous levels of TBX3 and inhibits anchorage independent growth
and migration of malignant melanoma cells. Novel data are provided that the miR-137/TBX3/E-cadherin
axis plays an important role in melanomagenesis and that miR-137 replacement is a potential thera-
peutic approach for treating melanomas.

© 2017 Elsevier B.V. All rights reserved.
Introduction

Melanoma is among the most common cancers in young adults
[1], with an overall incidence that is increasing faster than that of
any other solid tumour [2]. While the most common treatment for
melanoma is surgical resection, it is only effective in early mela-
noma and the prognosis for patients with advanced melanoma is
poor, with a 5-year survival of <16% [3]. Furthermore, malignant
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melanoma is classically known to be recalcitrant to surgery and
standard anti-cancer regimens including cytotoxic chemo-, radio-
and immune-therapies. Targeted and immune check point cancer
therapies have been identified as more effective approaches.
Indeed, small molecule inhibitors against mutant BRAF V600 ki-
nase, which is found in 40e60% of melanomas, have shown a
positive response in approximately 50% of all patients [4]. However,
the duration of response is short-lived and most patients treated
with BRAF inhibitors develop resistance after 6e8 months. In pre-
clinical studies, the combined use of BRAF and MEK inhibitors have
shown more promising results against MAPK-driven acquired
resistance [4]. Therefore, combination therapies using targeted
approaches and/or other forms of treatments are proving to be
more effective in the treatment of malignant melanoma.

The T-box transcription factor, TBX3, is overexpressed in a
subset of advanced melanomas and it plays key roles in melano-
magenesis [5e8]. TBX3 is transcriptionally indirectly upregulated
by BRAF V600E and is a substrate and effector of AKT3, which is
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activated in ~70% of advanced melanomas where it plays a critical
pro-invasive role [9,10]. Importantly, TBX3 is sufficient to drive
non-malignant melanoma cells to form tumours and to acquire
invasive and metastatic abilities, in part, through its ability to
directly repress the cell-cell adhesion molecule, E-cadherin
[5,6,8,11]. Moreover, studies in which TBX3 were depleted in
advanced melanoma cells confirm that they are addicted to TBX3
for their aggressive phenotype [5]. The identification of ways to
reduce TBX3 levels/activity with minimal side-effects, is therefore
likely to have a major impact on the treatment of advanced
melanoma.

MicroRNAs (miRNAs) are small, non-coding, single stranded
pieces of RNA that are highly conserved amongst a wide range of
species and they play important roles in several biological and
developmental processes [12e14]. They downregulate the expres-
sion of over 90% of all genes by binding partially complimentary
target sites present in their mRNA [15,16]. Many miRNAs are
aberrantly expressed in tumour tissue because they are frequently
located at fragile sites of the human genome and therefore subject
to chromosomal rearrangement, gene amplification and deletion as
well as epigenetic changes [17]. This leads to a potentially faulty
regulation of miRNA target mRNAs which may encode tumour
suppressors or oncogenes [18]. Technologies aimed at replacing
tumour suppressor miRNAs that are lost during cancer progression
have emerged as promising cancer therapies because miRNAs are
naturally occurring and it is anticipated that their reintroduction
into cells will have minimal side-effects [19].

The deregulation of several miRNAs have been associated with
melanoma progression [20]. For example, microarray analyses
reveal that, compared to benign nevi, miR-125b, miR-200c, miR-
203, miR-205, miR-211 and miR-137 are significantly down-
regulated in metastatic melanomas and this was confirmed in pa-
tient derived melanoma cell lines [21e24]. Importantly, there is
evidence that miR-137 acts as a tumour suppressor in malignant
melanoma. Compared with paired normal tissues, miR-137
expression was lower in tissues taken from patients with malig-
nant melanoma and this correlated with poor survival [25].
Furthermore, ectopic expression of miR-137 in human malignant
melanoma cells significantly decrease proliferation, cell migration
and invasion and induce apoptosis. This was attributed to, in part,
the ability of miR-137 to directly repress several oncogenic targets
involved in cell proliferation includingMITF, CMET, YB1, CtBP1, PAK,
EZH2 and AURKA [21,26e29]. However, the identity of the miR-137
target(s) involved in promoting melanoma cell migration and in-
vasion is not yet known. We were particularly interested in TBX3
Table 1
Putative miRNA binding sites in the TBX3 30UTR.

miRNA families Putative miRNA binding sit
sequence in the TBX3 30UTR

miR-153-3p UAUGCAA
miR-25-3p/32-5p/92-3p/363-3p/367-3p UGCAAUA
miR-17-5p/20-5p/93-5p/106-5p/519-3p GCACUUU
miR-137 GCAAUAA
miR-205-5p AUGAAGG
miR-142-5p ACUUUAUA
miR-l-3p/206 CAUUCCA
miR-199-3p ACUACUG
miR-204-5p/211-5p AAAGGGA-A
miR-221-3p/222-3p UGUAGCA
miR-128-3p CACUGUG
miR-146-5p GUUCUCA
miR-183-5p.2 AGUGCCA
miR-802 UUACUGA
miR-142-3p.2 AACACUA
miR-216-5p UGAGAUU
miR-129-5p CAAAAAA
because of its well established roles in promoting these events
during melanomagenesis and because miR-137 is reported to
directly repress Tbx3 in mouse embryonic stem (ES) cells during
proliferation and differentiation in vitro [30].

In this study we established an inverse correlation between
miR-137 and TBX3 levels in a cohort of patients with primary
melanoma and in a panel of advanced melanoma cell lines. We
identify a highly conserved miR-137 binding site in the TBX3 30UTR
which is functional and demonstrate that miR-137 overexpression
is a potent suppressor of the anchorage independent growth and
migration of advanced melanoma cells. This is shown to result, in
part, from the repression of TBX3 and the upregulation of its
downstream target, E-cadherin. These results suggest that replac-
ing miR-137 in advancedmelanomas, where it is lost, may be a very
promising treatment for TBX3-driven advanced melanoma.

Materials and methods

Cell culture

All human melanoma cell lines were cultured as previously described [5].

Computational analysis of human melanoma data

TBX3 and miR-137 expression levels in primary (n ¼ 101) and metastatic
(n ¼ 349) melanoma patients (n ¼ 450, TCGA-SKCM) were downloaded from the
UCSC cancer browser (https://genome-cancer.ucsc.edu/) as RSEM normalized
counts and were correlated among patients using Pearson correlation. Primary
melanomas (n ¼ 90) were ranked based on the ratio of miR137/TBX3 from high to
low. The upper 50% of melanomas obtained from the patients (n ¼ 45) were
compared with the lower 50% (n ¼ 45).

Cloning of luciferase reporter gene plasmids

The TBX3 30UTR was produced using genomic DNA and nested PCR with the
following primer pairs: outer primers: 50-CAT CCA GAG ACT GGT GAG TGG-30 (for-
ward), 50-CTT TTG TCC CCG CCT CTC -30 (reverse), inner primers: 50-CGG GAG TCG
CCC TCT AGA GGG GCT GCC CAG CTG-30 (forward) and 50-CAG AGC GCA CAG CGC
CGG ATC CTT CGC TTT CTA GCG TTT TAT TG-30 (reverse). TBX3 30UTR was cloned
downstream of the firefly luc þ reporter gene in the pGL3 vector, substituting the
SV40 late poly(A) signal. The miR-137 mutant (miR-137-MT) was generated by site
directed mutagenesis using the following primer set (the mutations are indicated
with lowercase letters): 50-CTT TCC TGTATATGC cATggC AAG GTT TTA AAAAAATAA
TAA AG-30 (forward) and 50-CTT TAT TAT TTT TTT AAA ACC TTG ccA TgG CATATA CAG
GAA AG-30 (reverse).

Transfections and luciferase assays

WM1650 RGPmelanoma cells were transfected with 50e300 ng of either empty
pGL3 vector as a control or Luc-TBX3-30UTR (miR-137-WT) using Transfectin (Bio-
rad) according to the manufacturer's instructions. For miR-137 re-expression or
inhibition, cells were co-transfected with 50 nM Dharmacon miRNA control (IN-
001005-01), miR-137 mimic (C-310413) or miR-137 inhibitor (IH-310413) and
100 ng miR-137-WT or miR-137-MT using Attractene (Qiagen, USA) according to
e Position in TBX3 30UTR
(1587 bp length)

Conservation across
vertebrates

855e861 Conserved
857e863 Conserved
49e55 Conserved
858e864 Conserved
1477e1483 Conserved
469e476 Poorly conserved
23e29 Poorly conserved
1376e1382 Poorly conserved
755e762 Poorly conserved
807e813 Poorly conserved
376e382 Poorly conserved
493e499 Poorly conserved
1222e1228 Poorly conserved
505e511 Poorly conserved
1086e1092 Poorly conserved
1265e1271 Poorly conserved
410e416 Poorly conserved

https://genome-cancer.ucsc.edu/
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manufacturer's instructions. To determine the effect of miR-137 on E-cadherin, cells
were co-transfected with 500 ng of the pGL3-E-cadherin [31] promotor construct
and the miR-137 mimic or inhibitor as described above. The vector pRL-CMV con-
taining the cytomegalovirus promoter driving the expression of a Renilla reporter
was used as an internal control for transfection efficiency. Cells were cultured for
48hr and extracts were assayed for firefly and Renilla luciferase activity as previously
described [32]. The ratio of luciferase and Renilla activities was expressed as fold
activation relative to the empty vector control.

Small interfering RNA (siRNA)

Cells were transfected with 50 nM control (non-silencing) or anti-TBX3 siRNA
using HiPerFect® (Qiagen, USA) according to the manufacturer's instructions.
Fig. 1. The levels of TBX3 mRNA anti-correlate with miR-137 expression in primary melanom
in the TBX3 30UTR. (BeD) Data analyses using the TCGA database of Skin Cutaneous Melanom
melanomas (n ¼ 450). (C) Significant anti-correlation of TBX3 and miR-137 expression in
metastatic melanomas (n ¼ 349). (E) qRT-PCR analysis of miR-137 and TBX3 mRNA. TBX3 mR
relative to the cell line which expressed the highest TBX3 mRNA (VGP#2 cells) and miR-
***p < 0.0001). (F) Kaplan-Meier plot analysis of overall survival of primary melanoma patie
lowest.
Western-blotting

Protein was prepared and western blotting performed as described previously
[33]. Primary antibodies were anti-TBX3 (Abcam, #AB99302), anti-E-cadherin (Cell
Signalling, 14472) and anti-p38 (Sigma, USA, #M0800).

Quantitative real Time-PCR (qRT-PCR)

For mRNAs, qRT-PCR was performed using TBX3 (QT00022484) and GUSB
(QT00046046) primers as described previously [34]. For microRNAs, total RNA was
extracted with the AllPrep Universal RNA isolation kit and 1 mg was reverse tran-
scribed into cDNA using miScript II RT kit according to manufacturer's instructions.
miScript PCR controls, snRNA RNU6B (RNU6-2) and 2 snoRNAs (SNORD68 and
SNORD 95) were used as potential housekeeping gene controls. Real-time PCR was
a. (A) Schematic showing interspecies conservation of a putative miR-137 binding site
as (SKCM). (B) Correlation of miR-137 and TBX3 expression in metastatic and primary
primary melanomas (n ¼ 101). (D) Correlation of miR-137 and TBX3 expression in
NA and miR-137 levels were normalized to GUSB and RNU6 respectively and expressed
137 levels (RGP cells). The values indicate the mean ± SEM (*p < 0.05; **p < 0.003;
nts was calculated comparing the 50% highest miR-137/TBX3 expressers with the 50%
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performed using miScript real time PCR kit. All qRT-PCR data were analysed ac-
cording to the DDCt method [35]. All kits/primers were purchased fromQiagen, USA.

In vitro cell migration assay

Cell migration was measured using a two-dimensional in vitro scratch motility
assay as described previously [5].

Soft agar assay

Cells were trypsinised 18hr after transfections and 5000 cells were plated for a
12 day soft agar assay as described previously [5].

Statistical analysis

Statistical analysis was performed by using the two sample t-test (excel) and all
graphs were plotted using GraphPad Prism software (San Diego, CA).

Results

The levels of TBX3 mRNA anti-correlate with miR-137 expression in
primary melanoma

TBX3 protein and mRNA levels are upregulated in advanced
melanoma cell lines and tissues which suggest that TBX3 may, in
part, be regulated by miRNAs that are lost during melanoma pro-
gression [5,7,8]. TargetScan [36] identified at least seventeen pu-
tative miRNA binding sites in the TBX3 30UTR (Table 1). The miR-
137 site was of particular interest because low miR-137 and high
TBX3 levels have been associated with melanoma progression and
this site is highly conserved amongst several species suggesting
that it is functional (Fig. 1A) [5,7,8,21,25]. Bioinformatic analyses
using the Cancer Genome Atlas (TCGA) skin cutaneous melanoma
(SKCM) database was performed (Fig. 1BeD) and a significant anti-
correlation was observed between miR-137 expression and TBX3
mRNA levels in primary melanomas but not metastatic tumours
Fig. 2. TBX3 is a direct target of miR-137. (A) Schematic of the Luc-TBX3-30UTR reporter p
antibodies specific to TBX3 and p38 (loading control). (C, D) Luciferase assays of cells transfe
luc-TBX3 30UTR wild-type (miR-137 WT) or miR-137 mutant (miR-137 MT) reporter constr
(Fig. 1C and D). Furthermore, qRT-PCR revealed that there was also
an anti-correlation between miR-137 and TBX3 mRNA levels in a
panel of melanoma cell lines. Indeed, whereas non-malignant RGP
WM1650 melanoma cells had high levels of miR-137 and low levels
of TBX3, VGP and metastatic melanoma cell lines had low levels of
miR-137 and high levels of TBX3 (Fig. 1E). This suggests that miR-
137 might target TBX3 in an early phase of melanomagenesis.
Notably, KaplaneMeier analyses reveal that patients with a high
miR-137/TBX3 expression ratio were linked with a favourable
overall survival of over 1500 days whereas patients with low miR-
137/TBX3 ratio succumbed in less than 1000 days (Fig. 1F). Together
this data suggested that the miR-137/TBX3 axis is relevant for
primary melanoma patient outcome.
TBX3 is a direct target of miR-137 in non-malignant melanoma cells

To determine if TBX3 is indeed a direct target of miR-137, we
firstly cloned the 30UTR of TBX3 downstream of a luciferase re-
porter to assess if it contained regulatory elements that affected
mRNA stability. This resulted in the generation of the Luc-TBX3-
30UTR reporter plasmid (Fig. 2A) which was transfected into RGP
melanoma cells, which do not express TBX3, as well as in VGP and
metastatic melanoma cells, that do express TBX3 (Fig. 2B). These
series of experiments relied on the endogenous expression and
function of miRNAs in each cell line to suppress luciferase expres-
sion through the TBX3 30UTR and hence luciferase activity was
measured as a proxy for mRNA stability. All concentrations of Luc-
TBX3-30UTR tested led to a significant reduction of luciferase ac-
tivity in the RGP but not VGP and metastatic melanoma cells
(Fig. 2C). The predicted miR-137 binding site was functional
because when it was mutated in the Luc-TBX3-30UTR reporter
plasmid (miR-137-MT) it had 2.5-fold more luciferase activity
lasmid. (B) Western blotting of protein from the indicated melanoma cell lines with
cted with (C) empty vector (pGL3) or Luc-TBX3 30UTR reporter constructs and (D) pGL3,
ucts. The values indicate the mean ± SEM (*p < 0.05; **p < 0.005; ***p < 0.0005).
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compared to the construct containing the wild type site (miR-137-
WT) (Fig. 2D).

To confirm the regulation of TBX3 by miR-137, RGP cells were
co-transfected with either miR-137-WT or miR-137-MT reporter
constructs together with a miR-137 inhibitor. As expected, lucif-
erase activity of cells transfected with the miR-137-MT construct
Fig. 3. miR-137 represses TBX3 expression in vitro and in vivo. (AeD) Left panel: Luciferase
WT (white bars) or MT (striped bars) miR-137 reporter constructs with/out miR-137 inhibito
non-significant). (A-D) Right panels: Western blotting of endogenous TBX3 protein levels
densitometric quantifications normalized to p38.
was substantially higher than the miR-137-WT construct and the
presence of the inhibitor had no effect on its luciferase activity
(Fig. 3A). Importantly, luciferase activity of RGP cells co-transfected
with the miR-137-WT construct and the miR-137 inhibitor was
approximately 6-fold higher than the control (Fig. 3A, left panel).
Furthermore, RGP cells transfected with only miR-137 inhibitor
assay results for (A) RGP, (B,C) VGP and (D) metastatic melanoma cells transfected with
r or miR-137 mimic. The values indicate the mean ± SEM (*p < 0.05; ***p < 0.0005; NS:
in the cell lysates using antibodies to TBX3 and p38. Numbers below blots indicate
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expressed approximately 2.9-fold higher levels of endogenous
TBX3 protein compared to control cells (Fig. 3A, right panel). These
results confirm that the miR-137 binding site in the TBX3 30UTR is
functional and suggest that TBX3 is a direct target of miR-137.

To determine whether miR-137 can be used to inhibit TBX3
levels in advanced stage melanoma cells, VGP and metastatic
melanoma cells were either co-transfected with the miR-137-WT
or miR-137-MT reporter constructs and a miR-137 mimic. The
miR-137 mimic significantly repressed miR-137-WT in all cell
lines tested and mutation of the miR-137 binding site abrogated
this inhibition demonstrating direct regulation of TBX3 by miR-
137 (Fig. 3BeD, left panels). Importantly, we demonstrate that
the miR-137 mimic is able to repress endogenous TBX3 protein
levels in three advanced melanoma cell lines (Fig. 3BeD, right
panels).
Fig. 4. miR-137 inhibits melanoma migration by repressing TBX3. (AeE) Motility assays
metastatic melanoma cells transfected with/out miR-137 mimic and (E) RGP melanoma cells
TBX3. Numbers indicate the area migrated (pixels). The values indicate the mean ± SEM (*
MicroRNA-137 expression inhibits melanoma migration by
repressing TBX3

We hypothesised that miR-137 inhibits melanoma migration, in
part, through its ability to repress TBX3 levels. To begin to explore
this we transfected either RGP cells with the miR-137 inhibitor or
advanced melanoma cells with the miR-137 mimic and performed
motility assays. Our results confirm that cell migration was pro-
moted when miR-137 was inhibited in RGP cells (Fig. 4A) but
significantly reduced in VGP and metastatic melanoma cells
transfected with the miR-137 mimic (Fig. 4BeD). Importantly,
siTBX3 could abrogate the pro-migratory effect of the miR-137 in-
hibitor (Fig. 4E), indicating that miR-137 inhibits migration by
directly repressing TBX3. Fig. 5A confirms the efficacy of the two
siRNAs to TBX3.
of (A) RGP melanoma cells transfected with/out miR-137 inhibitor; (BeD) VGP and
co-transfected with/out a miR-137 inhibitor and/or a siRNA directed towards silencing
p < 0.05; **p < 0.005).
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MicroRNA-137 impacts the TBX3 target, E-cadherin

TBX3 promotes melanoma migration by repressing transcrip-
tion of E-cadherin [8]. We therefore next examined the effect of
miR-137 on E-cadherin expression. In RGP cells, miR-137 inhibition
led to an increase in levels of endogenous TBX3 and a concomitant
downregulation of E-cadherin levels (Fig. 5A). Similarly, co-
transfection of RGP cells with the miR-137 inhibitor and an E-
cadherin promotor-luciferase construct led to a decrease in lucif-
erase activity and this effect was abrogated in the presence of two
different siTBX3s (Fig. 5B). This suggests that the release of TBX3 in
cells transfected with the miR-137 inhibitor is responsible for
downregulating E-cadherin promoter activity.
Fig. 5. miR-137 inhibits melanoma migration and anchorage independent cell growth by p
TBX3 and E-cadherin (E-CAD) protein levels in RGP cell lysates. Numbers below blots indicate
transfected with an E-cadherin reporter construct, miR-137 inhibitor and siTBX3. (D) Motility
E-cadherin expression construct. The values indicate the mean ± SEM (*p < 0.05; ***p < 0.
Importantly, ectopic expression of E-cadherin rescued endoge-
nous E-cadherin expression when miR-137 levels were inhibited
and TBX3 levels were high (Fig. 5C) and resulted in decreased
migration (Fig. 5D) and anchorage independent cell growth
(Fig. 5E). This demonstrated that miR-137 inhibits RGP cell migra-
tion and anchorage independent cell growth through targetting
TBX3 and thus maintaining high levels of E-cadherin expression.

Discussion

Malignantmelanoma progresses andmetastasizes rapidly and is
insensitive to current therapies. While single targetted therapies to
treat melanoma appeared promising they have been associated
reventing TBX3 repression of E-cadherin. (A, C) Western blotting showing endogenous
densitometric quantifications normalized to p38. (B) Luciferase assays for RGP cells co-
assays and (E) soft agar assays for RGP cells transfected with the miR-137 inhibitor and
0005).



Fig. 6. Schematic showing our hypothesis for the mechanisms by which miR-137 targets TBX3 to prevent melanoma formation, migration and invasion.
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with relapse and the emergence of drug resistance. Indeed, while
the potent serine/threonine kinase BRAF inhibitor, vemurafenib,
shows remarkable short-term clinical activity in BRAF(V600E)-
positive melanoma tumours, the majority of patients develop
rapid drug resistance and present with tumour relapse [4]. There is
evidence that this results, in part, from the re-activation of the
MAPK/ERK signalling pathway downstream of BRAF as well as the
activation of other oncogenic signalling pathways such as AKT3
[37]. MicroRNA based therapies are thought to provide a solution to
this problem because they are naturally occurring and target entire
oncogenic pathways rather than single components of a pathway.
Indeed miRNA mimics and antagomiRs are rapidly entering clinical
translation [38e40].

The transcription factor TBX3 is a key driver of melanoma-
genesis and herewe show that there is an anti-correlation between
its levels and that of the tumour suppressor miR-137 in primary
melanomas. Importantly, we show that whereas patients with a
high ratio of miR-137/TBX3 expression were linked with a favour-
able overall survival of over 1500 days, patients with a low miR-
137/TBX3 ratio succumbed in less than 1000 days. This is consis-
tent with reports that miR-137 is downregulated in advanced
melanoma [21] and that its low expression is associated with poor
prognosis in skin cutaneous melanoma patients [25]. In addition, it
provides further evidence that the overexpression of TBX3 pro-
motes melanomagenesis and is associated with poor survival
[5,6,8,11]. Together this data suggest that the miR-137/TBX3 axis
plays an important role in melanoma recurrence and patient sur-
vival and that the combined identification of miR-137 and TBX3
status may have prognostic value.

The switch from a non-malignant melanoma to advanced mel-
anoma is, in part, due to the downregulation of E-cadherin and we
and others have shown that TBX3 is a key repressor of E-cadherin
during this process [8,41]. This leads to the disassociation of mel-
anoma cells from keratinocytes and promotes anchorage inde-
pendent growth and melanoma cell migration and invasion
through the dermis. Here we show that TBX3 is directly repressed
by miR-137 and that malignant melanoma cells engineered to ex-
press a miR-137 mimic has a significant reduction in anchorage
independent growth andmigration. Importantly, we show that this
occurred through the upregulation of endogenous levels of E-
cadherin. This is consistent with other studies which showed that
miR-137 significantly suppressed the migration and invasion of
MCF-7 breast cancer cells, SKOV-3 and ES-2 ovarian cancer cells and
GIST-H1 gastrointestinal stromal tumour cells which correlated
with the upregulation of E-cadherin [42e44]. Furthermore, SKOV-3
ovarian cells transfectedwithmiR-137 elevated the expression of E-
cadherin and resulted in increased sphere formation [44]. Inter-
estingly, miR-137 overexpression in malignant melanoma inhibits
melanoma development through the downregulation of several
oncogenic target genes including CtBP1, EZH2, c-Met, and YB1
[21,27]. The current study adds TBX3 to this list and extends our
knowledge of the role of miR-137 in melanoma anchorage inde-
pendent cell growth and migration.

MicroRNA mimics have emerged as a new therapeutic inter-
vention because of their small size and their ability to repress mul-
tiple oncogenic targets [15]. Indeed, they are entering pre-clinical
trials for the treatment of several cancers [38e40]. BRAFV600E and
AKT3 are well-established oncogenic signalling molecules in mela-
noma that upregulate TBX3 levels to promote tumourmigration and
invasion [9,10]. miR-137 was recently shown to inhibit AKT phos-
phorylation and to improve dexamethasone sensitivity in multiple
myeloma cells via targeting MITF [45]. Together this data suggest
that miR-137 may target several components of the oncogenic
pathways in melanoma. In addition, miR-137 overexpression in
malignant melanoma induces apoptosis through decreasing BCL2
levels and to reduce tumour growth by repression of MITF, PAK2 or
AURKA [21,26,28,29,45]. Thus, replacement of miR-137 may be an
exciting new approach in melanoma therapy, although further
studies involving in vivo work are needed. Furthermore, the evi-
dence showing thatmiR-137 can activate E-cadherin inmany cancer
contexts to inhibit migration and invasion demonstrates its poten-
tial use as a therapeutic to treat many cancers. This possibility is not
unprecedented as can be seen by the miR-34 mimic, MRX34,
currently being tested in a phase 1 clinical trial to treat several solid
tumours (liver cancer, non-small lung cancer and melanoma) and
haematological malignancies (lymphoma, acute lymphoblastic
leukaemia, chronic lymphocytic leukaemia, Multiple myeloma and
myelodysplastic syndromes) [38].

In conclusion, our results establish miR-137 as a negative
regulator of melanoma progression by directly targeting TBX3 and
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enforcing E-cadherin upregulation (Fig. 6). This novel miR-137/
TBX3/E-cadherin axis provides new insights into the mechanisms
underpinning melanoma progression and reveals that miR-137
replacement may be a potential therapeutic strategy for the treat-
ment of malignant melanoma.
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