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ABSTRACT
The AKT3 signalling pathway plays a critical role in melanoma formation and 

invasion and components of this signalling cascade are therefore attractive targets for 
the treatment of malignant melanoma. Recent evidence show that the embryonically 
important TBX3 transcription factor is upregulated in a subset of melanomas and 
plays a key role in promoting melanoma formation and invasion, in part by repressing 
the cell adhesion molecule E-cadherin. We have identified TBX3 as a key substrate 
of AKT3 in melanomagenesis. Briefly, using site-directed mutagenesis and in vitro 
kinase assays, we have identified the AKT3 target site at serine residue 720 in the 
TBX3 protein and show that this site is phosphorylated in vivo. Importantly, we 
show by western blotting, immunofluorescence, reporter, migration and invasion 
assays that the phosphorylation at S720 promotes TBX3 protein stability, nuclear 
localization, transcriptional repression of E-cadherin, and its role in cell migration and 
invasion. Our results identify a novel signalling and transcriptional network linking 
AKT3, TBX3 and E-cadherin during melanoma migration and invasion and reveals 
TBX3 as a potential target for anti-metastatic therapeutics.

INTRODUCTION

Melanoma is derived from melanocytes and 
while its early diagnosis and excision results in a five-
year survival rate of 99%, the treatment of metastatic 
melanoma has been mostly ineffective, with a five-
year survival rate of less than 16% [1, 2]. The lack of 
effective long term treatment regimens for metastatic 
melanoma patients has necessitated investigations into 
targeted therapeutics which relies on the identification 
of genetic alterations underpinning the development of 
this disease [3]. Based on the Clark model, malignant 
melanoma progresses along well defined stages starting 
with the radial growth phase where the tumour is confined 
to the epidermis followed by the vertical growth phase 
(VGP) when the cells invade the underlying dermis 
and progress rapidly to metastasize to other organs [4]. 
This progression is regulated by a complex network of 
signalling pathways with the Mitogen-activated protein 
kinase (MAPK) and Phosphatidylinositol-3-OH (PI3) 
pathways playing prominent roles [5, 6]. The constitutive 
activation of the MAPK pathway occurs in approximately 

60% of sporadic melanomas and results mostly from 
mutations in the B-Raf gene with the most common being 
the BRAFV600E mutation [5]. Inhibition of the oncogenic 
BRAF protein or its downstream effector MEK with the 
small molecule inhibitors PLX4032 (Vemurafenib) and 
GSK1120212 (Trametinib) respectively, have shown 
some promise but patients invariably develop resistance 
to these drugs [7, 8]. Although the mechanisms underlying 
BRAF inhibitor resistance are poorly understood, there 
is increasing evidence suggesting that the PI3K/AKT 
signalling pathway contributes to intrinsic resistance 
through suppressing apoptosis and oncogene induced 
senescence [9–12]. Constitutive activation of the PI3K 
pathway occurs in approximately 70% of sporadic 
melanomas due to the loss of PTEN and/or amplification 
of AKT3 [5, 13–14]. Combined therapies that block both 
BRAF and PI3K/AKT signalling have therefore been 
suggested because it could lead to the reactivation of 
senescence and elimination of melanoma cells refractory 
to BRAF inhibition.

There are three AKT kinase family members, AKT1, 
AKT2 and AKT3, and while their Pleckstrin homology 
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and kinase catalytic domains are highly conserved, they 
are functionally distinct [15–16]. AKT3 is the predominant 
isoform in melanomas where it plays a critical role in 
invasion, metastasis and therapeutic resistance [13, 17]. 
Furthermore, there is growing evidence that activation 
of this pathway plays a significant role in concurrently 
activating the MAPK signalling pathway in melanoma. It 
is therefore not surprising that AKT3 has been identified 
as a therapeutic target for treating patients with malignant 
melanoma and indeed there are AKT inhibitors in clinical 
trials [18]. However, due to the high degree of structural 
homology between the AKT isoforms, the development 
of agents that specifically inhibit individual isoforms 
remains a challenge. Targeting a direct substrate(s) of 
AKT3 may therefore hold greater promise in the treatment 
of melanomas. To date, however, no AKT3 substrates have 
been identified that mediates its roles in the invasion and 
metastasis of this disease.

The overexpression of the T-box transcription factor, 
TBX3, was found to correlate with later stages of melanoma, 
and like AKT3, TBX3 promotes melanoma formation and 
invasion by, in part, directly repressing E-cadherin [19–22]. 
While very little is known about the molecular mechanisms 
by which TBX3 is up-regulated in melanomas, a recent 
study has shown that TBX3 transcription is upregulated 
by BRAFV600E [23]. However, mutations in BRAF alone 
rarely trigger melanoma and additional genetic events in 
BRAF-mutant cells, such as activation of AKT3, elicit 
a fully cancerous phenotype [24]. Indeed, recently it 
was demonstrated that there is a synergistic co-operation 
between BRAFV600E and AKT3 in promoting melanoma 
development and it is therefore possible that TBX3 may also 
be regulated by AKT3 [25]. This possibility is interesting in 
light of the overlapping functions of TBX3 and AKT3 in 
melanomagenesis particularly in the negative regulation of 
E-cadherin.

Here we show for the first time that TBX3 is a 
novel direct substrate of AKT3 that mediates its role, in 
part, in melanoma progression. We demonstrate that AKT 
phosphorylation of TBX3 at serine 720 is responsible for 
the overexpression and nuclear localization of TBX3 in 
advanced melanoma cells and that it enhances the ability 
of TBX3 to repress E-cadherin and promote migration and 
invasion.

RESULTS

Screening TBX3 status in a panel of melanoma 
cell lines

TBX3 is upregulated in a subset of melanomas and 
it contributes directly to melanoma formation and invasion 
[20–22, 26]. To identify the molecular mechanism(s) 
that upregulate TBX3 in melanoma we screened a panel 
of human melanoma cell lines for TBX3 mRNA and 
protein levels. The results showed that in only 3 (MM200, 

ME1402 and 501mel) out of the 7 cell lines tested there 
was a direct correlation between TBX3 mRNA and 
protein levels suggesting that TBX3 may be upregulated 
at both transcriptional and post translational levels 
(Figures 1A, 1B).

The AKT signalling pathway upregulates TBX3 
protein levels at a post-transcriptional level in 
ME1402 and MM200 VGP melanoma cells

To identify the factor(s) that upregulates TBX3 
expression levels in melanoma we considered the 
AKT pathway because it is known to play key roles in 
melanoma proliferation, migration and invasion and thus 
overlap with the oncogenic roles identified for TBX3. This 
possibility was supported by western blot results which 
showed a direct correlation between pAKT and TBX3 
expression (Figure 1B). Furthermore, western blotting 
shows that TBX3 protein levels were reduced when the 
AKT pathway was inhibited in the melanoma cells that 
overexpress TBX3 (Figure 1C, 1D).

Of the three AKT isoforms, AKT3 is reported to 
be the one that is predominantly active in melanoma 
formation. To explore whether AKT3 was therefore 
responsible for upregulating TBX3 levels, we firstly 
performed qRT-PCR to confirm that it was the 
predominant AKT isoform in our melanoma cell lines. 
Relative to AKT1, AKT3 was upregulated and AKT2 
downregulated in all the VGP and metastatic melanoma 
cell lines tested (Figure 2A). Furthermore, AKT1 protein 
was detectable at low levels in only the MM200 VGP and 
the WM1158 metastatic melanoma cell lines (Figure 2B) 
and knocking it down in the MM200 cells had no effect 
on either the total levels of pAKT or TBX3 (Figure 2C). 
Importantly, when AKT3 was silenced by siRNA 
(siAKT3) in ME1402 and MM200 VGP melanoma cells 
total AKT protein was undetectable and this corresponded 
with a decrease in TBX3 protein levels (Figure 2D). 
Together these results suggest that AKT3 was the 
predominant active isoform in our melanoma cell lines 
and that it may be responsible for upregulating TBX3 in a 
subset of these melanoma cell lines.

Interestingly, TBX3 mRNA levels remained 
unaltered when the AKT pathway was inhibited with 
either AKTVIII or siAKT3 (Figures 3A, 3B) and pre-
treatment of both melanoma cell lines with the proteasome 
inhibitor MG132 rescued TBX3 protein levels when the 
AKT pathway was inhibited (Figure 3C, 3D). MG132 
treatment of TBX3 negative melanoma cells could not 
however rescue TBX3 levels suggesting that TBX3 was 
repressed in these cells by a mechanism not involving 
protein degradation by the proteasome 26S (Figure 3E). 
Together these results suggest that the TBX3 protein is 
post-translationally modified by AKT3, likely through 
phosphorylation, which leads to an increase in TBX3 
protein stability.
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TBX3 is phosphorylated at S720 in vitro  
and in vivo

We next examined the TBX3 protein sequence for 
potential RxRxxS/T AKT phosphorylation sites, using an 
online motif database [27] and one motif was identified 
at serine residue 720 which was conserved across 
several species (Figure 4A). To determine if this site is 
phosphorylated by AKT3 it was mutated to alanine by 
site-directed mutagenesis and the protein expressed with 
a GST tag which was used as a substrate for an in vitro 
AKT3 kinase assay. In this assay the GST-TBX3 fusion 
proteins were expressed as either N-terminal (1–419) or 
C-terminal (252–723) proteins and GST alone was used 
as a negative control (Figure 4A). The results indicate that 
only the WT GST-TBX3 fusion protein (252–723) was 
phosphorylated by AKT3 and that the S720A mutation 
abolished this phosphorylation (Figure 4B). These results 
show that TBX3 is indeed phosphorylated by the AKT3 
kinase at Ser-720 in vitro. To test whether this site is 
also phosphorylated in vivo, ME1402 and MM200 VGP 

melanoma cells were transfected with vectors expressing 
either HA-tagged WT-TBX3 or a TBX3 S720A mutant 
in and their phosphorylation status was compared by 
western blot analyses (Figure 4C). Whereas the WT-TBX3 
protein was detected as a double band, the TBX3 S720A 
mutant was detected as a single band which migrated 
with the lower WT-TBX3 band. In addition, when the 
cells transfected with WT-TBX3 was pretreated with an 
AKT inhibitor, the top WT-TBX3 band was lost. These 
results suggest that serine residue 720 is a target for in vivo 
phosphorylation and that the top band seen for WT-TBX3 
may represent phosphorylated protein since the AKT 
signalling pathway is constitutively active in these cells.

Phosphorylation at S720 leads to increase in 
TBX3 protein stability and nuclear localization

To determine the functional consequences of 
TBX3 phosphorylation at S720 we next investigated the 
effect of phosphorylation of this site on TBX3 protein 
stability and subcellular localization. To this end, the 

Figure 1: The AKT signalling pathway upregulates TBX3 protein levels in a subset of advanced melanoma cell 
lines. (A, B) TBX3 mRNA and protein levels in WM1650 radial growth phase (RGP), MM200 and ME1402 vertical growth phase (VGP), 
and WM1158, WM239A, CoLo839 and 501mel metastatic melanoma cell lines were analysed by (A) qRT-PCR analyses using primers 
specific to TBX3. For qRT-PCR analyses, the values indicate the mean of three independent experiments ± SEM (*p < 0.05, **p < 0.001) 
and (B) western blotting using antibodies to TBX3, pAKT and AKT (detects all three AKT isoforms) and p38 was used as a loading control. 
(C, D) Western blotting with antibodies to indicated proteins when the AKT pathway was inhibited by: (C) treating ME1402, MM200, 
WM1158 and 501 mel cells with either vehicle or 20 μM AKTVIII inhibitor and (D) transiently transfecting the ME1402 and MM200 cells 
with an HA-tagged AKT dominant negative (DN) construct (100 ng) for 24 hrs.



Oncotarget1824www.impactjournals.com/oncotarget

AKT3 target site was mutated to either alanine (A), to 
abolish phosphorylation or glutamic acid (E), to mimic 
phosphorylation and the ME1402 and MM200 VGP 
melanoma cells were transiently transfected with either 
WT-TBX3, TBX3 S720A or TBX3 S720E mutant HA-
expressing constructs. The transfected cells were treated 
with cycloheximide, a drug that blocks de novo protein 
synthesis, over a period of 6 hours and protein analysed by 
western blotting using an anti-HA antibody (Figure 4D). 
Whereas the TBX3 S720A mutant protein was unstable 
with a dramatic decrease in protein levels at 6 hours, 
levels of the pseudo-phosphorylated TBX3 S720E mutant 
and WT TBX3 proteins either remained unchanged or 
accumulated at this time point (Figure 4D). This finding 
implicates AKT3 as a positive regulator of TBX3 protein 
stability. To establish whether phosphorylation at S720 
affected the subcellular localization of TBX3, the VGP 
melanoma cells were transfected as described above and 
processed for immunofluorescence with an antibody to HA 
and the cells visualized by confocal microscopy (Figure 
5A). Interestingly whereas on average 40% of cells 
transfected with WT-TBX3 and TBX3 S720E exhibited 
nuclear localization of the protein, the TBX3 S720A 
mutant was exclusively localized to the cytoplasm in all 
cells transfected with this construct. Taken together the 
above results show that phosphorylation at S720 regulates 
TBX3 protein stability and subcellular localization.

Phosphorylation of S720 enhances the ability of 
TBX3 to repress the E-cadherin promoter and 
promote cell migration and invasion

Taken together; the above results suggest that TBX3 
may be playing a role in the AKT signalling pathway 
through repressing specific target genes and therefore 
we next tested whether AKT phosphorylation of TBX3 
at S720 enhances its ability to repress transcription 
of its target genes. E-cadherin is a known TBX3 target 
[20] and its expression has been shown to be inhibited 
by the AKT pathway in melanoma cells [19] suggesting 
that AKT-induced phosphorylation of TBX3 may be 
required to inhibit E-cadherin levels in these cells. We 
therefore tested this by investigating whether there was 
an inverse correlation between TBX3 and E-cadherin 
protein levels in ME1402 VGP melanoma cells in which 
the AKT pathway was inhibited (Figure 5B). Indeed, there 
was a substantial increase in E-cadherin protein levels 
which correlated inversely with the decrease in TBX3 
protein levels. To investigate the possibility that AKT 
phosphorylation potentiates the ability of TBX3 to repress 
the transcription of the E-cadherin gene, we next compared 
the transcriptional repression of the E-cadherin promoter 
by WT TBX3 and the TBX3 S720A and TBX3 S720E 
mutants. The results indicate that whereas the WT-TBX3 
and TBX3 S720E repressed the E-cadherin promoter, 

Figure 2: AKT3 is the predominant active isoform in the melanoma cell lines tested and upregulates TBX3 protein 
levels. (A) qRT-PCR analyses using primers specific to AKT1, AKT2 and AKT3. In all the indicated cell lines, mRNA levels were firstly 
normalised to GUSB and then expressed relative to AKT1. For qRT-PCR analyses, the values indicate the mean of three independent 
experiments ± SEM (*p < 0.05, **p < 0.001). (B) Western blotting with antibodies to TBX3, pAKT, AKT (detects all three AKT isoforms), 
AKT1 and p38 (used as a loading control). HT1080 (fibrosarcoma) cell extract was used as a positive control for AKT1 expression. (C–D) 
Western blotting with antibodies to indicated proteins when (C) MM200 cells were transiently transfected with siRNA specific to AKT1 
(siAKT1) or scrambled control (sictrl) for 48 hrs and (D) ME1402 and MM200 cells were transiently transfected with siRNA specific to 
AKT3 (siAKT3) or sictrl for 48 hrs.
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abolishing the phosphorylation of the AKT target site 
(TBX3 S720A) led to an abrogation of this repression 
(Figure 5C). Equal protein expression was observed for 
all three constructs tested in the luciferase assays. Taken 
together these results suggest that phosphorylation of S720 
does indeed play a role in regulating the transcriptional 
activity of TBX3 on the E-cadherin promoter in response 
to AKT signalling.

Since TBX3 and the AKT pathway both positively 
impact on cell migration [6, 21–22, 28–30], the possibility 
that TBX3 may be downstream of the AKT pathway in 
promoting cell migration was next examined. To this end, 

ME1402 shctrl and shTBX3 cells were treated with and 
without AKTVIII and their motility was measured using 
the two-dimensional scratch (wound) assay. Consistent 
with previous observations [20–23], knocking down TBX3 
severely hampered the migratory ability of the ME1402 
cells and, as expected, inhibition of the AKT pathway 
reduced the migration of ME1402 shctrl cells (Figure 6A). 
Importantly, when the shTBX3 cells were treated with the 
AKT inhibitor, there was no significant difference in their 
migration compared to untreated shTBX3 cells confirming 
that TBX3 is probably downstream of AKT. To investigate 
the possibility that AKT phosphorylation enhances the 

Figure 3: AKT3 upregulates TBX3 protein levels at a post-transcriptional level in melanoma cells. (A, B) Quantitative 
RT-PCR was performed on reverse transcribed RNA using primers specific to TBX3 and AKT3 and mRNA levels were normalized to GUSB 
and expressed relative to vehicle treated samples. RNA was extracted from ME1402 and MM200 cells (A) treated with either vehicle or 
20 μM AKTVIII for 1, 2 and 4 hrs and (B) transiently transfected with siAKT3 or sictrl for 48 hrs. The values indicate the mean of three 
independent experiments ± SEM (*p < 0.05). (C, D) Western blotting of cell extracts from ME1402 and MM200 cells (C) pre-treated with 
20 μM MG132 for 15 minutes followed by 20 μM AKTVIII treatment for 1 hr and (D) transiently transfected with siAKT3 or sictrl for 
48 hrs and treated with 20 μM MG132 for 15 minutes. Signal intensities were quantified using Image J image analysis software and were 
normalized to corresponding p38 signals and are shown in tables below western blots in (C) and (D). (E) Western blotting of cell extracts 
from WM1650, CoLo839, WM1158, WM239A and 501 mel cells treated with 20 μM MG132 for 15 minutes. Protein extracts (30 μg) were 
analysed by SDS-PAGE (8%) and western blotting using antibodies to TBX3 and pAKT and p38 levels was used as a loading control.
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ability of TBX3 to promote migration we next compared 
the impact of WT TBX3 and the TBX3 S720A and TBX3 
S720E mutants on the migratory ability of the WM1650 
RGP melanoma cells using an in vitro cell motility assay. 
Figure 6B shows that while WT-TBX3 and TBX3 S720E 
promoted cell migration, TBX3 S720A transfected cells 
migrated approximately 50% slower than its counterparts 

after 24 hrs. When experiments were performed under the 
same conditions but using Matrigel invasion chambers, 
AKT signalling was confirmed to be important for the 
invasive ability of these cells and TBX3 was found to be 
a key mediator downstream of it (Figure 6C, 6D). These 
results show that phosphorylation of S720 enhances the 
ability of TBX3 to promote cell migration and invasion.

Figure 4: AKT3 phosphorylates TBX3 at serine 720 (S720) and promotes TBX3 protein stability. (A) Schematic 
representations of the wild type full length (WT TBX3 FL), C terminal (TBX3 C-TERM (252–723)), C terminal with S720A (TBX3 
C-TERM MT S720A (252–723)) and N terminal (TBX3 N-TERM (1–419)) proteins used as substrates in AKT kinase assays. One putative 
AKT motif, PDRSRSASP, was identified at S720 which was conserved across several species. (B) In vitro AKT3 kinase assays were 
performed using purified GST-TBX3 fusion proteins as substrates in the presence of the recombinant activated AKT3 kinase and [γ-32P] 
ATP. Kinase assays using the indicated TBX3 proteins are shown in the upper panel after SDS-PAGE and autoradiography. The lower panels 
show the same gels stained with Coomassie Blue indicating that comparable amounts of protein were used in each assay. (C) Mutating the 
AKT kinase site at Ser-720 affects the phosphorylation of TBX3 in vivo. HA-tagged TBX3, or the TBX3 S720A mutant were expressed in 
ME1402 and MM200 cells treated with either vehicle or 20 μM AKTVIII for 1 hr post transfection and the phosphorylation status of TBX3 
was analysed by 7.5% SDS-PAGE and by western blotting using an anti-HA antibody. (D) The TBX3 S720A mutant displays a reduced 
half-life compared to WT TBX3 and the TBX3 S720E mutant. ME1402 and MM200 cells transiently transfected with vectors expressing 
HA-tagged TBX3 proteins as indicated, were incubated 48 hr post-transfection with 30 μg/ml cycloheximide (CHX) for the indicated times 
to block de novo protein synthesis. To accurately detect total levels of the TBX3 protein as a single band, cell lysates were analysed on a 
10% SDS-PAGE and by western blotting with anti-HA antibodies.
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Figure 5: Phosphorylation by AKT3 promotes TBX3 nuclear localization and transcriptional repression of 
E-cadherin. (A) AKT3 phosphorylation induces nuclear translocation of TBX3. Cells were transfected as described in Figure 4D 
and then analysed 48 hrs later by immunofluorescence using an anti-HA antibody. Images were captured at 40X magnification using 
confocal microscopy. Table shows quantitative analyses of five different fields of view at 20X magnification. (B) Inverse correlation 
between TBX3 and E-cadherin (E-cad) protein levels in response to silencing AKT3. Protein extracts from ME1402 cells transiently 
transfected with siAKT3 or sictrl for 48 hrs were analysed by SDS-PAGE (8%) and western blotting using antibodies to the indicated 
proteins. (C) AKT3 phosphorylation enhances the ability of TBX3 to transcriptionally repress E-cadherin. Cells were transfected as 
in (A) above together with the E-cadherin promoter-luciferase reporter (500 ng). Promoter luciferase activity is indicated as fold 
repression which represents the ratio of the luciferase activity generated by the pCMV empty vector (without TBX3) to that obtained in 
the presence of pCMV-TBX3 or TBX3 mutants. Lower panel: Western blotting shows equal expression of HA-tagged TBX3 constructs. 
p38 was used as a loading control.
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DISCUSSION

Malignant melanoma is an extremely aggressive 
skin cancer that progresses and metastasizes rapidly and 
is insensitive to conventional chemo- and radio-therapy. 
Targeted therapeutics that inhibit the activities of specific 
genes or signalling pathways involved in the development 
of this disease are therefore highly desirable. The AKT3 
signalling pathway is constitutively active in ~70% of 
advanced-stage melanomas and components of this pathway 
represent potential therapeutic targets because it plays a 
pivotal role in melanoma progression by, in part, repressing 

the cell adhesion molecule E-cadherin [17, 29]. However, very 
little is known about the downstream mediators of the AKT3 
pathway in this process and in particular the AKT3 substrate(s) 
responsible for mediating its repressive effects on E-cadherin. 
Here we describe that AKT3 directly phosphorylates the 
T-box transcription factor TBX3 which leads to increased 
TBX3 levels and nuclear localization and an enhancement of 
its ability to repress E-cadherin and promote migration and 
invasion. These results show that the AKT/TBX3/E-cadherin 
axis contributes to melanoma invasion and metastasis and 
identifies TBX3 as a component of the AKT3 pathway that 
could be targeted in the treatment of advanced melanomas.

Figure 6: Phosphorylation of TBX3 by AKT3 promotes migration and invasion. (A, C) TBX3 promotes migration and 
invasion in ME1402 melanoma cells downstream of AKT signalling. Upper panel: (A) Migration or (C) invasion of ME1402 shctrl and 
shTBX3 cells treated with or without 20 μM AKTVIII for 1 hr was measured at the indicated time points using a two-dimensional in vitro 
scratch motility assay and a Matrigel invasion chambers based assay. (A, C) Lower panel: Western blotting shows the expression levels 
of TBX3, pAKT and AKT in cells treated as for upper panel. (B, D) AKT3 phosphorylation of TBX3 promotes migration and invasion 
of WM1650 RGP melanoma cells. Upper panel: Migration of WM1650 RGP melanoma cells transfected with pCMV empty, WT TBX3, 
TBX3 S720A or S720E for 48 hrs was measured at the indicated time points using (B) a two-dimensional in vitro scratch motility assay 
and (C) a Matrigel invasion chambers based assay. (B, D) Lower panel: Western blotting shows equal expression of HA-tagged TBX3 
constructs. p38 was used as a loading control. The values for all luciferase, migration and invasion assays indicate the mean of three 
independent experiments ± SEM (*p < 0.05; **p < 0.003, ***p < 0.0002).
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The phosphotidylinositol-3-OH kinase-AKT (PI3K-
AKT) pathway is a critical driver of melanoma progression 
where it plays important roles in promoting cell survival, 
proliferation, migration, invasion and anti-apoptotic 
signalling [31]. While AKT3 substrates involved in 
mediating its impact on proliferation, apoptosis and chemo-
resistance in melanoma have been identified, our study is 
the first to reveal a direct substrate involved in AKT3-
induced melanoma migration. AKT3 can promote cell 
proliferation by phosphorylating GSK3β at Ser-9 resulting 
in inhibition of its enzymatic activity leading to an increase 
in cyclin D levels [32–34]. It can also prevent melanoma 
cell apoptosis by phosphorylating and activating PRAS40 
which inhibits caspase-3/7 [17, 35–36]. Furthermore, the 
PI3K-AKT signalling cascade is known to contribute 
to melanoma migration and invasion by repressing  
E-cadherin [13, 37]. Interestingly, the transcription factors 
Snail, Slug and TBX3 can directly repress E-cadherin 
but only TBX3 contains an AKT consensus motif [20, 
38–40]. We show that phosphorylation of TBX3 by AKT 
at serine 720 enhances its ability to repress E-cadherin to 
promote melanoma migration. However, whether additional 
mechanisms exist by which AKT represses E-cadherin in 
melanomas are not known. For example, AKT induces 
Snail and Zeb2 expression via the NFkB pathway leading 
to E-cadherin repression in squamous cell carcinoma cell 
lines [19] and it will be interesting to investigate if this is 
also the case in melanoma.

The overexpression of TBX3 in a subset of 
melanomas is required for melanoma cell migration and 
invasion but very little is known about the mechanism(s) 
responsible for upregulating TBX3 in this cancer [20–22, 
26]. Indeed, to the best of our knowledge the study by 
Boyd et al [23] showing that TBX3 is transcriptionally 
upregulated by BRAFV600E in melanoma is the only report 
to date. Interestingly, a comparison of TBX3 protein 
and mRNA levels in a panel of melanoma cell lines in 
our study suggested that TBX3 may be upregulated via 
both transcriptional and posttranslational mechanisms. 
These data are interesting in light of the report by Niwa 
et al. [41] that the PI3K/AKT pathway upregulates Tbx3 
via the cytokine leukemia inhibitory factor in order to 
maintain self-renewal in mouse embryonic stem cells. 
Together this suggests that the PI3K/AKT pathway may 
regulate TBX3 via different mechanisms and that this 
may depend on a developmental versus a cancer context. 
Furthermore, our data are significant because not much 
is known about how post-translational modifications of 
TBX3 regulate its levels and/or function. Interestingly, 
Yano et al. [42] reported that TBX3 is phosphorylated by 
the p38 MAPK kinase at SP692 which enhances its ability 
to transcriptionally repress E-cadherin in COS cells. It 
is therefore tempting to speculate that the p38 MAPK 
pathway may also play a role in regulating TBX3 protein 
levels in melanoma. However, our observations that TBX3 
levels are undetectable when AKT3 is silenced suggest 

that this is not the case. Our data, together with that 
reported by Boyd et al. [23], suggest that during melanoma 
development TBX3 expression is transcriptionally 
regulated by the MAPK pathway and that the stability 
and oncogenic activity of the TBX3 protein is regulated 
post-transcriptionally through phosphorylation by AKT3. 
Together these observations indicate that two pathways 
critical for melanoma development converge on TBX3 and 
highlight the importance of TBX3 in melanomagenesis. 
However, it will be important to determine whether these 
are the only mechanisms responsible for the role of TBX3 
in melanomas and whether AKT3 can lead to an increase 
in TBX3 levels regardless of BRAF status.

The tumour suppressor phosphatase and tensin 
homolog (PTEN) is mutated in approximately 40% 
of melanomas leading to its loss of function and the 
subsequent upregulation of the PI3K/AKT pathway and 
an increase in metastasis [43]. There is however also 
evidence that TBX3 may function upstream of the PI3K/
AKT3 signalling cascade by repressing PTEN [44]. In 
support of this possibility, a microarray conducted by us 
identified IGF1 and PTEN as possible targets of TBX3 
in vertical growth phase melanoma cells. While IGF1, 
a well-known activator of the PI3K/AKT pathway, 
appeared to be activated by TBX3, PTEN was shown to 
be repressed. Together these findings suggest that TBX3 
may also be involved in activating the PI3K/AKT3 
signalling cascade and thus its own upregulation by this 
pathway. This autoregulatory positive-feedback loop has 
also been proposed for TBX3 during development. For 
example, while Wnt signalling upregulates the expression 
of Tbx3 in mammary gland development, there is also 
evidence to suggest that Tbx3 may activate this pathway 
[45]. This is illustrated by observations that expression 
of both Wnt10b and the downstream Wnt target Lef1 is 
lost in the mammary buds of Tbx3 mutant embryos and 
overexpression of Tbx3 in the flank expanded both the 
Wnt10b and Lef1 expression domains [46–47].

In conclusion, we show that TBX3 is a novel 
direct substrate of AKT3 that mediates its invasive role, 
in part, by repressing E-cadherin during melanoma 
progression (Figure 7). Furthermore, we provide a novel 
mechanism by which TBX3 is upregulated in a subset of 
advanced melanomas. Our study identifies a signalling 
and transcriptional network linking AKT, TBX3 and 
E-cadherin during melanoma migration and invasion and 
reveals TBX3 as a potential target for novel anti-metastatic 
therapeutics.

METHODS

Plasmids

The wild type (WT) pCMV-TBX3 full length (FL) 
expression construct was kindly provided by Christine 
Campbell (Cleveland Clinic Foundation, USA). The 
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human pGEX-TBX3 FL construct was used to generate 
the human pGEX TBX3 N terminal and PGEX 
TBX3 C terminal constructs. Point mutations were 
introduced into the human pCMV-TBX3 or pGEX-TBX3 
C terminal cDNA templates by site-directed mutagenesis 
using the Stratagene QuikChange system. The WT 
E-cadherin-LUC reporter construct was kindly provided 
by Colin Goding (Ludwig Institute, UK). pCMV5-AKT 
dominant negative (K179M) (plasmid number 16243, 
University of Texas MD Anderson Cancer Centre, USA) 
were acquired from Addgene (http://www.addgene.org, 
Cambridge, UK).

Cell culture and treatments

All human melanoma cells were maintained as 
previously described [21–22]. Prior to treatments, cells 
were serum starved for 24 hrs. AKT VIII inhibitor (10 μM, 
Calbiochem, USA) was added to cells for 1 h. MG132 
(20 μM, Calbiochem, USA) was added to the cells 1 hr 
prior to AKT VIII treatments or after siRNA transfections 
(48 hours later) for 1 hr. Melanoma cells were pre-treated 
with 30 μg/ml cycloheximide to block de novo protein 
synthesis (Sigma, USA) for 0, 1, 3 and 6 hrs. Control cells 
were treated with the drug vehicle, DMSO. After drug 
addition, cells were kept in the dark.

Transfection assay

Transfections were performed using FuGENE 
HD (Roche Applied Science) for MM200 cells and 
Transfectin (Bio-Rad) for ME1402 cells, according to the 
manufacturers’ instructions. For luciferase assays, cells 
were transfected with 500 ng of the WT E-cadherin-LUC 
reporter plus 100 ng of the Empty or WT or mutant pCMV 
TBX3 expression plasmids. The vector pRL-TK was used 
as an internal control for transfection efficiency (50 ng/
transfection). Cells were cultured for 30 h, and extracts 
were assayed for firefly and Renilla luciferase activity using 
the dual luciferase assay system (Promega, Madison, WI). 
Luciferase activities were measured using the Luminoskan 
Ascent luminometer (Thermo Labsystems, Franklin, MA).

Small interfering RNA (siRNA)

Suppression of AKT1 and AKT3 expression 
was achieved by siRNA (small interfering RNA) that 
specifically targets AKT1 or AKT3 mRNA. The cells were 
transfected with 10nM anti- AKT1 siRNA (Dharmacon, 
USA), 5 and 10 nM anti-AKT3 siRNA or a control (non-
silencing) (Qiagen, USA), using Lipofectamine 2000 
(Invitrogen Life Technology, San Diego, CA, USA) 
according to the manufacturer’s instructions.

Figure 7: Schematic showing our hypothesis for the role and regulation of TBX3 in advance melanoma. TBX3 is 
upregulated by constitutive activation of both the MAPK and AKT pathways. For example, BRAFV600E transcriptionally upregulates 
TBX3 and phosphorylation by AKT3 on S720 of the TBX3 protein increases its stability and nuclear localization. Once in the nucleus, TBX3 
transcriptionally regulates its target genes, which include repressing E-cadherin and PTEN and activating IGF1. Inhibition of PTEN and 
activation of IFG1 ensures the constitutive activation of the PI3K/AKT pathway and therefore the upregulation of TBX3. Downregulation 
of the cell adhesion molecule E-cadherin on the other hand promotes the migration and invasion of advance melanoma cells.
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Quantitative real-time PCR (qRT–PCR)

Quantitative real time PCR of cell lines were 
performed as previously described [48]. Reactions 
were performed using the primers for human TBX3 
(QT00022484; Qiagen), GUSB (QT00046046; Qiagen), 
AKT1 (5′-ATGAGCGACGTGGCTATTGTGAAG-3′ 
and 5′-GAGGCCGTCAGCCACAGT CTGGATG-3′), 
AKT2 (5′-TGCTTGAGGCTGTTGGCGACC-3′ and 
5′-ATGAATGAGGTGTCTGT CATCAAAGAAGGC-3′) 
and AKT3 (5′-ATGAGCGATGTTACCATTGT-3′ and  
5′-CAGT CTGTCTGCTACAGCCTGGATA-3′).

Western blot analysis

Cells were harvested and protein prepared as 
described previously [48]. Primary antibodies used 
were as follows: rabbit polyclonal anti-TBX3 (Zymed) 
and rabbit polyclonal anti-p38 (Sigma, USA), mouse 
HA monoclonal antibody (62-2, Sigma, USA), rabbit 
polyclonal anti-phospho AKT (9271), anti- total AKT 
(9272; detects all three AKT isoforms) and ant-total AKT1 
(C73H10) (Cell signalling).

AKT3 protein kinase assays

Recombinant active AKT3 was obtained from 
Sigma Aldrich. 500 ng of active AKT3 protein kinase 
were added to TBX3 recombinant protein in the presence 
of [γ-32P] ATP (10 μM Ci diluted with 9 μl of 10 μM 
unlabelled ATP) and incubated for 30 min at 30°C. 
Following the kinase reaction, beads were washed three 
times with 1 ml of reaction buffer, and 20 μl of protein 
denaturing buffer were added. Phosphorylation of TBX3 
by the AKT3 kinase was detected by autoradiography after 
SDS-PAGE gel electrophoresis.

Immunofluorescence

Cells were grown on coverslip slides, transfected 
with 100 ng of the WT or mutant pCMV TBX3 expression 
plasmids. After 48 hrs, the cells were washed with phosphate 
buffered saline and fixed with 4% paraformaldehyde 
before permeabilization with 0.2% Triton X-100. Slides 
were incubated overnight with mouse HA monoclonal 
antibody (62-2, Sigma, USA) at a dilution of 1:750 and 
then incubated with Alexa 488 goat anti-mouse IgG 
(Molecular Probes, Eugene, OR) at a dilution of 1:1000. 
Cells were incubated with 1 μg/ml DAPI (4’,6-diamidino-
2-phenylindole) (Sigma, USA), mounted on a slide and 
examined by confocal fluorescent microscopy.

In vitro cell migration assay

Cell migration in culture was measured using a two-
dimensional in vitro scratch motility assay as described 
previously [21].

In vitro matrigel invasion assay

In brief, transwell inserts with 8-μm pores (BD 
Biosciences) were coated with Matrigel (272 μg/ml). 
Approximately 4 × 105 cells were seeded in the upper 
chambers in 500 μl serum free medium, while 500 μl of 
medium supplemented with 10% FBS as a chemoattractant 
was placed in the lower wells. The chambers were incubated 
at 37°C in a CO2 incubator. After 48 hours, the chambers 
were pulled out, and the non-invading cells on the upper 
surface were removed with the cotton swab. The cells that 
invaded to the lower surface of the membrane were fixed in 
methanol, air dried, and stained with 0.1% crystal violet for 
10 minutes. The stained cells were counted in 10 random 
fields (at ×200 magnification) using a light microscope. 
Fold invasion was calculated as the number of cells that 
had passed through the Matrigel-coated membranes relative 
to the untreated or empty control transfected cells.

Statistical analysis

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