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The T-box transcription factor 3 is a promising biomarker
and a key regulator of the oncogenic phenotype of a diverse
range of sarcoma subtypes
T Willmer1,3, A Cooper1,3, D Sims1, D Govender2 and S Prince1
Sarcomas represent a complex group of malignant neoplasms of mesenchymal origin and their heterogeneity poses a serious
diagnostic and therapeutic challenge. There is therefore a need to elucidate the molecular mechanisms underpinning the
pathogenesis of the more than 70 distinguishable sarcoma subtypes. The transcription factor TBX3, a critical developmental
regulator, is overexpressed in several cancers of epithelial origin where it contributes to tumorigenesis by different molecular
mechanisms. However, the status and role of TBX3 in sarcomas have not been reported. Here we show that a diverse subset of soft
tissue and bone sarcoma cell lines and patient-derived sarcoma tissues express high levels of TBX3. We further explore the
signiﬁcance of this overexpression using a small interferring RNA approach and demonstrate that TBX3 promotes the migratory
ability of chondrosarcoma, rhabdomyosarcoma and liposarcoma cells but inhibits ﬁbrosarcoma cell migration. This suggested that
TBX3 may play a key role in the development of different sarcoma subtypes by functioning as either an oncoprotein or as a brake to
prevent tumour progression. To further explore this, TBX3 knockdown and overexpression cell culture models were established
using chondrosarcoma and ﬁbrosarcoma cells as representatives of each scenario, and the resulting cells were characterized with
regard to key features of tumorigenesis. Results from in vitro and in vivo assays reveal that, while TBX3 promotes substratedependent and -independent cell proliferation, migration and tumour formation in chondrosarcoma cells, it discourages
ﬁbrosarcoma formation. Our ﬁndings provide novel evidence linking TBX3 to cancers of mesenchymal origin. Furthermore, we
show that TBX3 may be a biomarker for the diagnosis of histologically dynamic sarcoma subtypes and that it impacts directly on
their oncogenic phenotype. Indeed, we reveal that TBX3 may exhibit oncogene or tumour suppressor activity in sarcomas, which
suggests that its role in cancer progression may rely on cellular context.
Oncogenesis (2016) 5, e199; doi:10.1038/oncsis.2016.11; published online 22 February 2016

INTRODUCTION
Sarcomas are cancers derived from mesenchymal tissue and while
they only account for a small percentage of neoplasms, they
represent some of the most aggressive cancers in children,
adolescents and young adults.1,2 They therefore contribute to a
considerable loss of years of life in comparison with other cancers.
Sarcomas are frequently resistant to conventional radiation- and
chemo-therapies and the heterogeneity that they exhibit, even
within histological subtypes, complicates patient care and limits
the options of current therapies.3 In light of this, there is a growing
appreciation of the need to understand the molecular mechanisms underlying the pathogenesis of individual sarcoma subtypes
with the view to identifying more effective diagnostic markers and
novel treatment strategies. Indeed, the development of subtype or
pathway-speciﬁc therapies is a rapidly evolving ﬁeld and recent
advances in understanding sarcoma biology have led to the
identiﬁcation of several molecular determinants of different soft
tissue and bone sarcoma subtypes. For example, the identiﬁcation
of c-Kit and PDGFRα mutations in gastrointestinal stromal tumours
has led to the successful treatment of these cancers by the
tyrosine kinase inhibitor, imatinib.4 More recently, monoclonal

antibodies targeting insulin-like growth factor type 1 receptor
have shown promise in phase I and II clinical trials for the
treatment of paediatric sarcomas including osteosarcoma, Ewing
sarcoma and rhabdomyosarcoma.5,6 Sorafenib and pazopanib,
small-molecule inhibitors of vascular endothelial growth factor
receptor, have also shown anticancer activity in leiomyosarcomas,
angiosarcomas and synovial sarcomas.7,8 In addition, the mechanistic target of rapamycin inhibitor, AP23573, has shown promising
clinical efﬁcacy in patients with advanced soft tissue sarcomas.9,10
It is therefore evident that improved sarcoma cure rates will likely
be driven by new types of treatment that target speciﬁc
deregulated proteins within these tumours.
TBX3 is a T-box transcription factor that plays critical roles in
embryonic development but it has also been implicated in a wide
range of carcinomas.11 For example, it is overexpressed in, among
others, a subset of breast carcinomas, melanoma, ovarian,
pancreatic, cervical, liver and bladder carcinomas and there is
evidence that it contributes to multiple aspects of the
oncogenic process.11 TBX3 negatively regulates apoptosis in rat
bladder12 and liver carcinoma,13,14 can bypass senescence and
promote proliferation by repressing the key cell cycle regulators
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Figure 1. TBX3 is overexpressed in soft tissue and bone sarcomas. Protein from (a) the WI38 normal human ﬁbroblast, transformed SV-WI38
and CT-1 ﬁbroblast, and HT1080 ﬁbrosarcoma cell lines and (b) the DMB and FGO normal human ﬁbroblast, CT-1 transformed ﬁbroblast,
ATDC5 and SW1353 chondrosarcoma, SW982 synovial sarcoma, SW872 liposarcoma and RD rhabdomyosarcoma cell lines were screened for
TBX3 expression using western blotting with an antibody speciﬁc to TBX3. p38 was used as a loading control. (c) Archival patient-derived
ﬁbrosarcoma (N = 4), synovial sarcoma (N = 2), liposarcoma (N = 3), chondrosarcoma (N = 1) and rhabdomyosarcoma (N = 3) tissue sections
were immunohistochemically stained using an antibody speciﬁc to TBX3. Representative images are shown (scale bars, 100 μm; insets are
magniﬁed images from selected areas).

p14/p19ARF, p21WAFI/CIPI/SDII (referred to as p21) and the tumour
suppressor phosphatase and tensin homologue (PTEN).14–19
Importantly, TBX3 plays a critical role in promoting breast tumour
and melanoma formation, invasion and metastasis in part through
its ability to directly repress the cell adhesion protein
E-cadherin.15,20–24 Although there is compelling evidence to
support a direct link for TBX3 in the development of carcinomas,
and indeed it has been identiﬁed as a novel anticancer drug
target, whether it is overexpressed in sarcomas and whether it
contributes to oncogenesis in these cancers are not known.
In the present study, we screened a panel of sarcoma cell lines
and patient-derived tissue and show that TBX3 is highly expressed
in sarcomas representative of diverse histological subtypes and
that, similar to its role in carcinomas, it promotes migration of
chondrosarcoma, liposarcoma and rhabdomyosarcoma cells.
Interestingly, we found TBX3 to inhibit migration of ﬁbrosarcoma
cells, suggesting that it may function to either promote or inhibit
tumorigenesis depending on the cellular context. We further
explore this possibility by establishing and characterizing cell
culture models in which TBX3 is either knocked down or
overexpressed in chondrosarcoma and ﬁbrosarcoma cell lines.
Similar to what has been described for TBX3 in carcinomas we
show that it directly contributes to the oncogenic phenotype of
chondrosarcoma cells. Importantly, we provide evidence for a
novel tumour suppressor role for TBX3 in ﬁbrosarcomas where it
inhibits cell proliferation, migration and tumour-forming ability.
Taken together, this study shows for the ﬁrst time that TBX3 is
overexpressed in several sarcoma subtypes and that it functions as
either an oncoprotein or a tumour suppressor depending on the
cellular context. Our ﬁndings suggest that TBX3 may be a
candidate diagnostic marker and a common therapeutic target
for a diverse range of sarcoma subtypes.
Oncogenesis (2016), 1 – 13

RESULTS
TBX3 is overexpressed in soft tissue and bone sarcomas
To begin to explore the status of TBX3 in sarcomas we ﬁrstly
analysed TBX3 expression in a panel of normal and transformed
ﬁbroblast cell lines by western blotting. Compared with the
normal WI38 ﬁbroblast cells, TBX3 was upregulated in transformed
(CT-1 and SV-WI38) ﬁbroblasts as well as the naturally occurring
HT1080 human ﬁbrosarcoma cells (Figure 1a). We next
determined if this overexpression of TBX3 may be a feature of
sarcomas and to this end we screened a panel of soft tissue and
bone sarcomas for TBX3 protein. Indeed, compared with the
normal human skin ﬁbroblast cell lines, FG0 and DMB, TBX3 was
highly expressed in chondrosarcoma (ATDC5 and SW1353),
synovial sarcoma (SW982), liposarcoma (SW872) and embryonal
rhabdomyosarcoma (RD) cell lines (Figure 1b). Furthermore,
immunohistochemical analyses revealed that TBX3 was expressed
in patient-derived ﬁbrosarcoma, synovial sarcoma, liposarcoma,
chondrosarcoma and rhabdomyosarcoma tissue sections (Figure 1c).
TBX3 impacts on sarcoma cell migration
TBX3 has a well-established role in promoting migration of several
carcinomas where it is overexpressed.15,20–24 In light of our results
showing that TBX3 is upregulated in sarcomas, we therefore next
investigated whether it also impacts on the migration of sarcoma
cells. To this end, we transiently knocked down TBX3 using siRNA
(small interfering RNA) in ﬁve histologically diverse sarcoma
subtypes and performed scratch motility assays. While TBX3
depletion had no effect on the migratory ability of synovial
sarcoma (SW982) cells (Figure 2a), it led to a signiﬁcant reduction
in the migration of chondrosarcoma (SW1353) (Figure 2b),
rhabdomyosarcoma (RD) (Figure 2c) and liposarcoma (SW872)
(Figure 2d) cells. Quite unexpectedly, knocking down TBX3
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Figure 2. TBX3 impacts on sarcoma cell migration. Left panels: (a) SW982 synovial sarcoma, (b) SW1353 chondrosarcoma,
(c) RD rhabdomyosarcoma, (d) SW872 liposarcoma and (e) HT1080 ﬁbrosarcoma cell lines were transfected with transfection reagent only
(mock), control siRNA or siTBX3 and 48 h later scratch motility assays were performed. Data are the mean ± s.d. of three independent
experiments, **Po0.01; ***P o0.001. Right panels (a–e): Western blot analyses were performed to assess TBX3 knockdown using an antibody
speciﬁc to TBX3 and p38 was used as a loading control.
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Figure 3. TBX3 promotes proliferation of chondrosarcoma cells by repressing key cell cycle regulators. (a, b) Protein extracts from indicated
cell lines were analysed by western blotting using an antibody speciﬁc to TBX3 and p38 was used as a loading control. (b) Right panel,
immunocytochemistry with an antibody speciﬁc to FLAG shows TBX3 overexpression in SW1353 FLAG-Tbx3 cells. Hoechst was used to stain
the nuclei. Representative images are shown (scale bars, 50 μm). (c, f) Growth curve analyses of (c) shCtrl and shTBX3 cells and (f) FLAG-empty
and FLAG-Tbx3 cells. (d, g) Cells were pulsed with BrdU and processed for immunocytochemistry using an antibody speciﬁc to BrdU and
visualized by ﬂuorescence microscopy. Bar graphs show the average percentage of BrdU-positive cells in 20 ﬁelds of view. (e) Western blotting
with antibodies speciﬁc to TBX3, p14ARF, p53 and p21. p38 was used as a loading control. (c, d, f, g) Data are the mean ± s.d. of three
independent experiments, *P o0.05; ***P o0.001.
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resulted in increased migration of ﬁbrosarcoma (HT1080) cells
(Figure 2e).

(Figure 5b). Together these results provide compelling evidence
to support a role for TBX3 as an oncogene in chondrosarcomas.

Establishment of chondrosarcoma and ﬁbrosarcoma cell lines in
which TBX3 was either stably knocked down or overexpressed
The above data gave an initial indication that TBX3 may have
different oncogenic roles in sarcomas and we therefore further
investigated this in ﬁbrosarcoma and chondrosarcoma cell lines in
which TBX3 was either knocked down or overexpressed. To knock
down TBX3, cells were stably transfected with a pSuper.neo/GFP
expression vector containing a short-hairpin (sh) RNA sequence
targeting TBX3 (shTBX3) or a nonspeciﬁc control sequence (shCtrl).
A number of G418-resistant clones were isolated and TBX3
knockdown was conﬁrmed by western blotting and the clones
further characterized are shown in Figures 3a and 6a. Stable cell
lines in which TBX3 was ectopically overexpressed were generated
by transfecting cells with a FLAG-tagged pCMV-Tbx3 or a control
pCMV-Empty vector and western blotting and immunocytochemistry show the G418-resistant clones overexpressing TBX3
that were used for further analyses (Figures 3b and 6b).

TBX3 exhibits tumour suppressor activity in ﬁbrosarcoma cells
in vitro
To further explore the putative tumour suppressor activity of TBX3
in ﬁbrosarcomas, we characterized the impact of stably knocking
down TBX3 in CT-1 and HT1080 ﬁbroblasts (Figure 6a) or
overexpressing the Tbx3 and Tbx3+2a isoforms in the HT1080
cells (Figure 6b) on key features of the cancer phenotype. The two
Tbx3 isoforms were included because they may have opposite
effects on oncogenesis, which may account for the unexpected
tumour suppressor function observed in Figure 2. Growth curve
analyses and BrdU incorporation assays show that compared with
control cells, shTBX3 cells had signiﬁcantly enhanced proliferative
ability while both FLAG-Tbx3 and FLAG-Tbx3+2a cells grew
signiﬁcantly more slowly than their control cells (Figures 6c
and d). A similar trend was seen when cells were cultured under
reduced serum conditions (Figures 6e and f). The negative impact
of TBX3 on the proliferative ability of ﬁbroblasts correlated with
levels of the key cell cycle regulators p53 and p21 (Figures 6g
and h). Taken together these results suggest that TBX3 may inhibit
ﬁbroblast cell proliferation by activating p53 and its downstream
target p21 and that the TBX3 and TBX3+2a isoforms are
functionally similar in this context.
Consistent with it having antitumour activity in ﬁbroblasts,
depleting TBX3 led to an increase in their anchorage-independent
cell proliferation in soft agar assays (Figure 7a) while overexpressing either TBX3 isoform had the opposite effect
(Figure 7b). Similarly, while knocking down TBX3 enhanced the
migratory ability of both CT-1 and HT1080 cells in motility assays
(Figure 7c), overexpressing either isoform reduced this ability
(Figure 7d). It is worth noting that compared with Tbx3 the activity
of the Tbx3+2a isoform appears more pronounced. We believe
that this is due to the different levels of overexpression achieved
for the two isoforms, that is, Tbx3+2a expressed at much higher
levels than Tbx3 (see Figures 6b and h). Together these results
conﬁrm that TBX3 and TBX3+2a have tumour suppressor activity
in ﬁbroblasts in vitro.

TBX3 promotes proliferation of chondrosarcoma cells by
repressing key cell cycle regulators
To determine the effect of TBX3 on chondrosarcoma cell
proliferation, growth curve analyses and 5-bromo-2-deoxyuridine
(BrdU) incorporation assays were performed and results showed
that compared with their control cells, ATDC5 and SW1353 shTBX3
chondrosarcoma cells exhibited a signiﬁcantly slower growth rate
under normal and reduced serum conditions (Figures 3c and d).
Consistent with this ﬁnding, levels of the previously identiﬁed
TBX3 targets, p14/p19ARF and p21, increased in both shTBX3
chondrosarcoma cell lines (Figure 3e), which suggest that TBX3
promotes proliferation of chondrosarcoma cells by, in part,
repressing key cell cycle regulators.18,19 It is worth noting that
knockdown of TBX3 in the SW1353, but not the ATDC5 (data not
shown), cells also resulted in increased p53 protein levels, which
suggest that the proproliferative ability of TBX3 in chondrosarcoma cells may be both p53 dependent and independent.
In support of the above data, when TBX3 was ectopically
overexpressed in chondrosarcoma cells the proliferative ability of
the cells increased (Figures 3f and g) which correlated with, as
expected, undetectable levels of p53, p21 and p14ARF (data not
shown).
TBX3 is required for anchorage-independent growth, migration
and in vivo tumour-forming ability of chondrosarcoma cells
We next determined the impact of TBX3 on anchorageindependent growth of chondrosarcoma cells using soft agar
assays. Our results show that in the absence of a substrate shTBX3
cells had reduced proliferative ability and formed signiﬁcantly
fewer and smaller colonies (Figure 4a). On the other hand,
compared with their control cells, the SW1353 cells that
ectopically overexpress TBX3 (SW1353 FLAG-Tbx3) formed more
and larger colonies (Figure 4b). Consistent with this ability of TBX3
to promote anchorage-independent growth in vitro, when NOD
scid gamma (NSG) mice were injected subcutaneously with
SW1353 FLAG-Tbx3 cells or FLAG-Empty cells, the tumour volume
and weight for cells overexpressing TBX3 were signiﬁcantly
greater (Figure 4c)
Results shown in Figure 2 suggested that TBX3 promotes
migration in chondrosarcoma cells. To conﬁrm this in our
chondrosarcoma cell lines in which TBX3 was either stably
knocked down or overexpressed, we performed scratch and
transwell motility assays. As expected, whereas depleting TBX3
inhibited the migration of chondrosarcoma cells (Figure 5a),
ectopic overexpression of TBX3 promoted their migration

TBX3 exhibits tumour suppressor activity in ﬁbrosarcoma cells
in vivo
To conﬁrm that TBX3 functions as a tumour suppressor in
ﬁbrosarcomas in vivo, HT1080-shTBX3, HT1080-FLAG-Tbx3+2a and
their control cells were injected subcutaneously into the right
ﬂank of nude mice and tumour growth was monitored in situ over
2 weeks. While both the HT1080 shCtrl and HT1080-shTBX3 cells
were able to form tumours, the volume and average mass of
those produced by the shTBX3 cells were signiﬁcantly greater
(Figure 8a). Furthermore, the overexpression of Tbx3+2a was able
to signiﬁcantly reduce the tumour volume and weight (Figure 8b).
Histopathological analyses revealed the tumours to be spindle cell
masses consistent with ﬁbrosarcomas and sections stained
positive for the mesenchymal marker, vimentin (data not shown).
Taken together, data from our chondrosarcoma and ﬁbrosarcoma
cell culture models provide compelling evidence for a novel
tumour suppressor role for TBX3 in ﬁbroblasts and suggest that
TBX3 may play opposite roles in the development of sarcomas.
DISCUSSION
There is a signiﬁcant body of evidence implicating TBX3 as an
oncoprotein in several carcinomas; however, nothing is known
about its status and role in sarcomas.12,13,24–29 Here we show
that TBX3 is highly expressed in a panel of soft tissue and
bone sarcoma cell lines and patient-derived sarcoma tissue.
Signiﬁcantly, chondrosarcoma and ﬁbrosarcoma cell culture
Oncogenesis (2016), 1 – 13
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Figure 4. TBX3 promotes anchorage-independent growth and in vivo tumour-forming ability of chondrosarcoma cells. Cell growth in soft agar
of (a) ATDC5 (top) and SW1353 (bottom) shCtrl and shTBX3 cells and (b) SW1353 FLAG-Empty and FLAGTbx3 cells was assessed by staining
viable colonies with p-iodinitrotetrazolium chloride. Quantitative analyses of number of colonies and colony diameter were calculated from 20
ﬁelds of view. (a, b) Data are the mean ± s.d. of three independent experiments, *Po0.05; **P o0.01; ***P o0.001. (c) Left panel: SW1353
FLAG-Empty and FLAG-Tbx3 cells were subcutaneously injected into the ﬂanks of NSG immunocompromised mice (N = 5 each). In situ tumour
volume (mm3) was measured using callipers. Right panel: Following euthanasia, tumours were excised and weighed (grams). Data represent
mean ± s.d. (N = 5 each), *P o0.05; **P o0.01; ***P o0.001.
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Figure 5. TBX3 promotes migration of chondrosarcoma cells. Scratch (left panels) and transwell (right panels) motility assays were performed
to measure the migration of (a) shCtrl and shTBX3 ATDC5 cells (top panel) and shCtrl and shTBX3 SW1353 cells (lower panel) and (b) SW1353
FLAG-Empty and FLAG-Tbx3 cells. (a, b) Data are the mean ± s.d. of three independent experiments, **P o0.01; ***Po0.001.

models in which TBX3 was either depleted or overexpressed
revealed that while TBX3 contributes to cell proliferation,
migration and tumour formation in chondrosarcoma cells, it has
an inhibitory effect on these processes in ﬁbrosarcomas. A positive
effect of TBX3 on cell migration was also observed in liposarcoma
and rhabdomyosarcoma cells. Together these ﬁndings provide
evidence that the overexpression of TBX3 may be a feature of a
wide range of sarcoma subtypes and that TBX3 impacts directly
on their development as either an oncogene or a tumour
suppressor.
Sarcomas represent a diverse cluster of malignancies with vastly
different biology and clinical behaviour and this presents a serious
obstacle to early and reliable diagnosis as well as therapy.30–32
In addition, many sarcoma subtypes are associated with poor
prognosis due to resistance to conventional therapies such as
surgery, chemotherapy and radiation, and hence a major goal in
sarcoma research has been to develop molecular targetted
therapies.30–32 Our observations that TBX3 expression is elevated

in sarcoma cell lines and patient-derived tissue sections representative of both simple (synovial sarcoma) and complex
(ﬁbrosarcoma, chondrosarcoma, liposarcoma and embryonal
rhabdomyosarcoma) karyotypes suggest that TBX3 is a
common feature in multiple signalling networks involved in
sarcomagenesis.32 This raises the possibility that TBX3 may
represent a promising diagnostic marker for a diverse range of
sarcoma subtypes. Moreover, early and accurate diagnosis of
sarcomas is often masked by the high occurrence of benign soft
tissue masses that largely outnumber malignant sarcomas.33,34
Our observation that TBX3 is expressed in tumour cells and tissues
indicates that TBX3 expression may be useful to differentiate
sarcomas from benign soft tissue masses which will assist with
appropriate treatment planning. However, the sample size of our
study was small due to the rarity of these tumours and future
studies will be necessary to conﬁrm our observations in many
more patient samples. Furthermore, our data showing that
depleting TBX3 inhibits the cancer phenotype of several sarcoma
Oncogenesis (2016), 1 – 13
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Figure 6. TBX3 represses proliferation of ﬁbrosarcoma cells by activating key cell cycle regulators. (a, b) Protein extracts from indicated cell
lines were analysed by western blotting using an antibody speciﬁc to TBX3 and p38 was used as a loading control. (b) Right panel,
immunocytochemistry with an antibody speciﬁc to FLAG shows TBX3 overexpression in HT1080 FLAG-Tbx3 cells and FLAG-Tbx3+2a. Hoechst
was used to stain the nuclei. Representative images are shown (scale bars, 50 μm). (c–f) Growth curve analyses and BrdU incorporation assays
for (c, e) shCtrl and shTBX3 and (d, f) FLAG-empty and FLAG-Tbx3 cells. For the BrdU incorporation assays cells were pulsed with BrdU and
processed for immunocytochemistry using an antibody speciﬁc to BrdU and visualized by ﬂuorescence microscopy. Bar graphs show the
average percentage of BrdU-positive cells in 20 ﬁelds of view. (c–f) Data are the mean ± s.d. of three independent experiments, *Po 0.05;
**P o0.01; ***P o0.001. (g, h) Western blotting with antibodies speciﬁc to TBX3, p53 and p21. p38 was used as a loading control.
Oncogenesis (2016), 1 – 13
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Figure 7. TBX3 represses anchorage-independent growth and migration of ﬁbrosarcoma cells. (a) CT-1 (left) and HT1080 (right panel) shCtrl
and shTBX3 cells and (b) HT1080 FLAG-Empty, FLAG-Tbx3 and FLAG-Tbx3+2a cells were suspended in soft agar-medium slurry and allowed to
proliferate for 21–35 days. Whole dishes were stained with p-iodinitrotetrazolium chloride to indicate viable populations and images of
colonies were taken at × 10 magniﬁcation. (c) Migration of CT-1 (left) and HT1080 (right) shCtrl and shTBX3 cells and (d) HT1080 FLAG-empty,
FLAG-Tbx3 and FLAG-Tbx3+2a cells was analysed using scratch (top) and transwell motility assays (bottom). For the transwell assay the results
show the percentage of cells that migrated through the transwell insert. (c, d) Data are the mean ± s.d. of three independent experiments,
*P o0.05; **Po 0.01; ***Po 0.001.

subtypes suggests that it may also represent a common target to
treat diverse sarcomas.
We and others have previously shown that TBX3 promotes
migration of breast and bladder carcinomas and melanoma cells
by a process involving its ability to repress the cell adhesion
molecule, E-cadherin.20,23,24,35 Here we show that TBX3 similarly
impacts on migration of chondrosarcoma, liposarcoma and
rhabdomyosarcoma cells, but they did not however express
detectable levels of E-cadherin (data not shown). This would be
consistent with numerous other studies that have shown that only
a fraction of sarcomas express E-cadherin and indeed 90%
of epithelioid sarcoma cases were reported to be E-cadherin
negative.36 The molecular mechanism(s) underlying the
promigratory role of TBX3 in carcinomas and sarcomas therefore
appears to be different and future studies identifying TBX3 target
genes as well as signalling pathways that upregulate TBX3 in
sarcomas would likely shed light on this. Of interest would be the
Wnt/β-catenin and PI3K/Akt signalling pathways because they

promote metastasis of a number of sarcoma subtypes.31,37,38 For
example, high levels of β-catenin and aberrant activation of Wnt
signalling are frequently observed in sarcomas and this pathway
promotes sarcoma metastasis by modulating the Wnt target
genes, MMP-9 and c-Myc.39 Furthermore, constitutive activation of
AKT, in part due to the repression of PTEN, is observed in 55% of
soft tissue sarcoma cases31,40 and targeting AKT was shown to
reduce pulmonary metastasis in osteosarcoma bearing mice.41
Interestingly, TBX3 is positively regulated by AKT, Wnt/β-catenin
and c-Myc in melanoma, liver cancer and chondrosarcomas,
respectively, and it directly represses PTEN to promote head and
neck carcinomas.13,42,43 It will thus be worth investigating whether
these signalling networks regulate TBX3-induced sarcoma cell
migration.
Unexpectedly, our study also revealed a novel role for TBX3 as a
tumour suppressor in ﬁbrosarcomas. Indeed, whereas knocking
down TBX3 in transformed ﬁbroblasts resulted in a more
aggressive cancer phenotype, ectopic overexpression of Tbx3,
Oncogenesis (2016), 1 – 13
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Figure 8. TBX3 represses in vivo tumour-forming ability of ﬁbrosarcoma cells. (a) HT1080 shCtrl and shTBX3 cells and (b) HT1080 FLAG-empty
and FLAG-Tbx3+2a cells were subcutaneously injected into the ﬂanks of MF-1 nude mice. Top: In situ tumour volume (mm3) was measured
using callipers. Bottom: Following euthanasia, tumours were excised and weighed (g). (a, b) Data represent mean ± s.d. (N = 5 each), *Po 0.05;
***P o0.001.

or its splice variant Tbx3+2a, was sufﬁcient to inhibit key features
of the cancer phenotype in the aggressive HT1080 cell line. While
this is the ﬁrst study to provide a full characterization of a tumour
suppressor function for TBX3, there are a few high-throughput
studies that have hinted at this possibility. Using microarray
analyses, Lyng et al.29 showed that TBX3 expression was downregulated in cervical and uterine cancer samples and that this
strongly correlated with lymph node metastasis and reduced
progression-free survival. In addition, the silencing of TBX3 by
methylation has been associated with progression to muscleinvasive bladder tumours and with more aggressive prostate
tumours and this correlated with signiﬁcantly lowered survival
rate.44–47 The apparent paradoxical ability of TBX3 to either
promote or inhibit tumorigenesis has also been reported for
other developmental transcription factors with prime examples
including FOXO3,48,49 TGFβ,50 Sox451 and other T-box factors.
For example, while the overexpression of Brachyury contributes to
a number of tumour types through its ability to promote
epithelial–mesenchymal transition,52,53 a high-throughput study
has revealed that Brachyury is epigenetically silenced in lung
cancer and may be a tumour suppressor.54 TBX5 has also been
shown to induce apoptosis and inhibit tumour formation in
osteosarcoma, lung and colon cancer,55,56 but also to interact with
YAP1 and β-catenin to activate the expression of a number of
antiapoptotic genes in β-catenin-driven cancers.57 Taken together,
our ﬁndings reveal that, depending on cellular context, TBX3 plays
opposite roles in cancer and it will be important to elucidate the
mechanism(s) that enables it to switch between these functions.
We speculate that it involves protein co-factors and studies are
therefore underway to identify TBX3 interacting partners in
chondrosarcomas and ﬁbrosarcomas.
In summary, results from this study contribute signiﬁcantly to an
understanding of the role of TBX3 in cancer biology and provide
new evidence that TBX3 also impacts on sarcomagenesis.
Oncogenesis (2016), 1 – 13

MATERIALS AND METHODS
Cell culture
Human embryonic lung ﬁbroblast WI38 cells (ATCC CCL-75), γ-radiation
transformed WI38 ﬁbroblast cells (CT-1),58 SV40 transformed WI38 cells
(SV-WI38),59 HT1080 human ﬁbrosarcoma cells (ATCC CCL-120), FG0 and
DMB human skin ﬁbroblasts,60 SW1353 human chondrosarcoma cells
(ATCC HTB-94), SW982 human synovial sarcoma cells (ATCC HTB-93),
SW872 human liposarcoma (ATCC HTB-92) and RD human embryonal
rhabdomyosarcoma cell (ATCC CCL-136) were cultured in Dulbecco’s
modiﬁed Eagle’s medium (DMEM) (Sigma Aldrich, St Louis, MO, USA),
supplemented with 10% heat-inactivated foetal bovine serum (FBS), 100 U/
ml penicillin and 100 μg/ml streptomycin. ATDC5 mouse chondrosarcoma
cells were maintained in DMEM:nutrient mixture F-12 (DMEM/F-12; 1:1;
Sigma Aldrich), supplemented with 5% FBS, 100 U/ml penicillin, 100 μg/ml
streptomycin, 10 μg/ml human transferrin (Sigma Aldrich) and 3 × 10 − 8 M
sodium selenite (Sigma Aldrich). All cells were maintained as previously
described.20

Immunohistochemistry
Parafﬁn-embedded tissue sections (N = 13) were obtained from the
Division of Anatomical Pathology, University of Cape Town and this study
was approved by and performed in accordance with the University of Cape
Town Human Research Ethics Committee. Parafﬁn-embedded tumour
tissues from surgical specimens were cut in 5-μm-thick sections. Antigen
retrieval was performed with citric acid buffer at pH 6 for 90 s using a
pressure cooker and cooled for an additional 30 min. Tissue sections were
blocked with 5% goat serum (X090710; Dako, Glostrup, Denmark) in
phosphate-buffered saline and incubated with rabbit polyclonal anti-TBX3
(1:25; Zymed, Invitrogen, Carlsbad, CA, USA) overnight. Secondary antibody
(K400211; Dako) and DAB chromogen (K346711; Dako) were applied
according to the manufacturer’s instructions. Slides were counrtstained
with hematoxylin, the nuclei stained with Scott’s solution and mounted
using Entellan (107960; Merck, Darmstadt, Germany).

Small interferring RNA
Transient suppression of TBX3 cellular expression was achieved using
50 nm siRNA speciﬁcally designed to target TBX3 mRNA. The cells were
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transfected with siTBX3 (SI00083503; Qiagen, Valencia, CA, USA) or a
control (non-silencing) siRNA (1027310; Qiagen) using HiPerFect (Qiagen)
according to the manufacturer's instructions.

Generation of stable cell lines
For the generation of stable TBX3 knockdown lines, CT-1, HT1080, SW1353
and ATDC5 cells were stably transfected with a pSuper.neo/GFP expression
vector containing a sequence targeted to TBX3 or a nonspeciﬁc control,
as previously described.20 Stable transfectants were selected in growth
medium containing 400 μg/ml G418 (Promega, Madison, WI, USA) (ATDC5
and CT-1 cells) or 800 μg/ml G418 (HT1080 and SW1353 cells). Effective
knockdown of TBX3 was assessed by western blot analysis. TBX3
overexpressing cell lines were generated by stably transfecting HT1080
and SW1353 cells with a FLAG-tagged pCMV-empty vector or pCMV
constructs expressing the mouse Tbx3 (pCMV-Tbx3) or mouse Tbx3+2a
(pCMV-Tbx3+2a) (kindly provided by Professor Colin Goding at the Ludwig
Institute of Cancer Research, Oxford, London, UK) using FuGENEHD (Roche
Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions. Stable transfectants were selected for with 800 μg/ml
G418 antibiotic (Promega). Effective overexpression of Tbx3 and Tbx3+2a
was assessed by western blot analysis.

Western blot analysis
Cells were harvested and protein prepared as described previously.61
Primary antibodies used were as follows: rabbit polyclonal anti-TBX3
(42-4800; Zymed, Invitrogen), rabbit polyclonal anti-p38 (M0800) and
mouse monoclonal anti-FLAG M2 (F1804; Sigma, St Louis, MO, USA), rabbit
polyclonal p19ARF (sc-1063), mouse polyclonal anti-p53 (sc-6243), rabbit
polyclonal anti-p21 (C-19, Santa Cruz Biotechnology, Santa Cruz, CA, USA).

BrdU incorporation assay
BrdU incorporation assays were performed as described previously61 using
10 μM BrdU and a mouse monoclonal anti-BrdU antibody (6 μg/ml; Roche),
followed by a secondary IgG coupled to Alexa-488 (1:1000; Molecular
Probes, Carlsbad, CA, USA). Slides were mounted with Mowial mounting
medium and visualized by ﬂuorescence microscopy using an Axiovert
ﬂuorescent microscope (Zeiss, Oberkochen, Germany). Data were obtained
from three independent experiments.

Proliferation assays
Short-term growth of the TBX3 knockdown and overexpression lines was
performed in DMEM supplemented with 10% or 2% FBS (CT-1, HT1080 and
SW1353 cells) or 5% or 0% FBS (ATDC5 cells). Cells were plated in triplicate
in 12-well plates as follows: 1 × 104 per well for CT-1 cells and 0.5 × 104 cells
per well for HT1080, SW1353 and ATDC5 cell lines. Growth curves were
performed over an 8-day period, as previously described.62 Data were
obtained from three independent experiments.

Anchorage-independent assay
Soft agar assays were performed as described previously.61 Dishes (35 mm)
were layered ﬁrst with 0.5% agar in cell culture medium followed by 0.35%
agar in cell culture medium containing 5000 cells. Colonies were stained
with p-iodonitrotetrazolium chloride (1 mg/ml), incubated overnight at
37 °C and photographed. Data were obtained from three independent
experiments.

Cell migration assays
Cell migration was measured using a two-dimensional in vitro scratch
motility assay as previously described.20 The wound areas were measured
over time and calculated using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). For the transwell assay, transwell plates with
an 8- μm pore size were used (ThinCert cell culture inserts; Kremsmünster,
Greiner, Austria). Cells were seeded at 1 × 105 cells in the top chamber, in
DMEM supplemented with 2% FBS and incubated for 24 h at 37 °C. The
bottom chamber contained DMEM supplemented with 10% FBS. Twentyfour hours later, cells were ﬁxed in 100% methanol and cotton swabs were
used to remove cells in the upper surface of the transwells. Migrated cells
attached to the undersurface of the transwell were stained with crystal
violet solution and then air-dried. Crystal violet-stained cells were
solubilized in 50% acetic acid and quantiﬁed using a microplate reader
at 595 nm. Data were obtained from three independent experiments.

Xenograft mouse models
All protocols employed in this study were approved by and performed in
accordance with the University of Cape Town Animal Research Ethics
Committee guidelines for care and use of laboratory animals. Unblinded
tumorigenicity experiments were performed by subcutaneously injecting
1 × 107 SW1353 FLAG-Empty or FLAG-Tbx3 cells in 100;μl phosphatebuffered saline into the right ﬂanks of randomly selected 4- to 6-week-old
NOD/Lt-scid/IL2Rγnull (NSG) mice (N = 5 per group) (The Jackson
Laboratory, Bar Harbor, ME, USA). For HT1080 cells, 5 × 106 shCtrl or
shTBX3 cells or 4 × 106 FLAG-Empty or FLAG-Tbx3+2a cells were injected
into the right ﬂanks of randomly selected 6-week-old MF-1 nude mice
(N = 5 per group). Tumour growth was measured using the formula
(volume mm3 = (length) × (width2) x 0.5). Once tumour volume had
reached a length of 12mm, mice were killed and organs, including
tumours, were removed for histopathological analyses (IDEXX Laboratories
(Pty) Ltd, Cape Town, South Africa). Power analysis to determine sample
size was performed using PS (Power and Sample size) freeware.

Immunocytochemistry
Cells were grown on glass coverslips and ﬁxed with ﬂash treatment of
ice-cold methanol before permeabilization with 0.25% Triton X-100 in
phosphate-buffered saline for 5 min at room temperature. Slides were
incubated with mouse monoclonal anti-FLAG M2 antibody (1:500;
F1804; Sigma) for 2 h at 37 °C, followed by incubation with the appropriate
secondary antibody coupled to Alexa-488 (1:1000; Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). All cells were co-stained
with Hoechst (33342; Invitrogen). Cells were mounted using Mowiol
mounting medium and examined by ﬂuorescence microscopy using an
Axiovert ﬂuorescent microscope (Zeiss).

Statistical analysis
Statistical signiﬁcance was determined using Student’s t-test (Excel,
Microsoft, Redmond, WA, USA) or two-way ANOVA (Graphpad Prism 4,
San Diego, CA, USA). Signiﬁcance was accepted at P o0.05. Power analysis
to determine sample size for xenograft studies was performed using PS
(Power and Sample size) freeware.

CONFLICT OF INTEREST
The authors declare no conﬂict of interest.

ACKNOWLEDGEMENTS
This work was supported by grants from the SA Medical Research Council, the
National Research Foundation (NRF), Cancer Association of South Africa (CANSA),
Cancer Research Initiative of South Africa (CARISA) and the University of Cape Town.
The content is solely the responsibility of the authors and does not necessarily
represent the ofﬁcial views of the funding agencies. We would like to thank
Dr Philippa Hulley who kindly provided us with the ATDC5 cell line, Prof Colin Goding
for the FLAG-expression constructs, Prof Muazzam Jacobs and Dr Toinette
Labuschagne for providing us with NSG mice, Dr Jolieke van Oosterwijk and
Mr Rodney Lucas for help with the animal work and Mrs Subash Govender for help
with the immunohistochemistry protocol. We would also like to thank Henri Carrara
for help with the statistical analyses for the animal work.

REFERENCES
1 Ducimetiere F, Lurkin A, Ranchere-Vince D, Decouvelaere AV, Peoc'h M, Istier L
et al. Incidence of sarcoma histotypes and molecular subtypes in a prospective
epidemiological study with central pathology review and molecular testing. PLoS
ONE 2011; 6: e20294.
2 Helman LJ, Meltzer P. Mechanisms of sarcoma development. Nat Rev Cancer 2003;
3: 685–694.
3 Matushansky I, Maki RG. Mechanisms of sarcomagenesis. Hematol Oncol Clin
North Am 2005; 19: 427–449.
4 Lasota J, Miettinen M. KIT and PDGFRA mutations in gastrointestinal stromal
tumors (GISTs). Semin Diagn Pathol 2006; 23: 91–102.
5 Kolb EA, Gorlick R, Houghton PJ, Morton CL, Lock R, Carol H et al. Initial testing
(stage 1) of a monoclonal antibody (SCH 717454) against the IGF‐1 receptor by
the pediatric preclinical testing program. Pediatr Blood Cancer 2008; 50:
1190–1197.

Oncogenesis (2016), 1 – 13

TBX3 contributes to a range of sarcoma subtypes
T Willmer et al

12
6 Olmos D, Postel-Vinay S, Molife LR, Okuno SH, Schuetze SM, Paccagnella ML et al.
Safety, pharmacokinetics, and preliminary activity of the anti-IGF-1 R antibody
ﬁgitumumab (CP-751,871) in patients with sarcoma and Ewing's sarcoma: a phase
1 expansion cohort study. Lancet Oncol 2010; 11: 129–135.
7 Maki RG, D'Adamo DR, Keohan ML, Saulle M, Schuetze SM, Undevia SD et al.
Phase II study of sorafenib in patients with metastatic or recurrent sarcomas. J Clin
Oncol 2009; 27: 3133–3140.
8 Attia S, Riedel R, Robinson S, Conry R, Sankhala K, Seon B et al. A phase 1b
dose-escalation study of TRC105 (anti-Endoglin antibody) in combination with
pazopanib in patients with advanced soft tissue sarcoma (STS). J Clin Oncol 2015;
33(Suppl 1): 158 (Abstract 10514).
9 Wan X, Mendoza A, Khanna C, Helman LJ. Rapamycin inhibits ezrin-mediated
metastatic behavior in a murine model of osteosarcoma. Cancer Res 2005; 65:
2406–2411.
10 Chawla S, Tolcher A, Staddon A, Schuetze S, D'Amato G, Blay J et al. Survival
results with AP23573, a novel mTOR inhibitor, in patients (pts) with advanced soft
tissue or bone sarcomas: update of phase II trial. J Clin Oncol 2007; 25(Suppl 1):
18 (Abstract 10076).
11 Wansleben S, Peres J, Hare S, Goding CR, Prince S. T-box transcription factors in
cancer biology. Biochim Biophys Acta 2014; 1846: 380–391.
12 Ito A, Asamoto M, Hokaiwado N, Takahashi S, Shirai T. Tbx3 expression is related
to apoptosis and cell proliferation in rat bladder both hyperplastic epithelial cells
and carcinoma cells. Cancer Lett 2005; 219: 105–112.
13 Renard CA, Labalette C, Armengol C, Cougot D, Wei Y, Cairo S et al. Tbx3 is a
downstream target of the Wnt/beta-catenin pathway and a critical mediator of
beta-catenin survival functions in liver cancer. Cancer Res 2007; 67: 901–910.
14 Carlson H, Ota S, Song Y, Chen Y, Hurlin PJ. Tbx3 impinges on the p53 pathway
to suppress apoptosis, facilitate cell transformation and block myogenic
differentiation. Oncogene 2002; 21: 3827–3835.
15 Yarosh W, Barrientos T, Esmailpour T, Lin L, Carpenter PM, Osann K et al. TBX3 is
overexpressed in breast cancer and represses p14ARF by interacting with histone
deacetylases. Cancer Res 2008; 68: 693–699.
16 Brummelkamp TR, Kortlever RM, Lingbeek M, Trettel F, MacDonald ME,
van Lohuizen M et al. TBX-3, the gene mutated in ulnar-mammary syndrome, is a
negative regulator of p19ARF and inhibits senescence. J Biol Chem 2002; 277:
6567–6572.
17 Lingbeek ME, Jacobs JJ, van Lohuizen M. The T-box repressors TBX2 and TBX3
speciﬁcally regulate the tumor suppressor gene p14ARF via a variant T-site in the
initiator. J Biol Chem 2002; 277: 26120–26127.
18 Platonova N, Scotti M, Babich P, Bertoli G, Mento E, Meneghini V et al. TBX3, the
gene mutated in ulnar-mammary syndrome, promotes growth of mammary
epithelial cells via repression of p19ARF, independently of p53. Cell Tissue Res
2007; 328: 301–316.
19 Hoogaars WM, Barnett P, Rodriguez M, Clout DE, Moorman AF, Goding CR et al.
TBX3 and its splice variant TBX3+exon 2a are functionally similar. Pigment Cell
Melanoma Res 2008; 21: 379–387.
20 Peres J, Davis E, Mowla S, Bennett DC, Li JA, Wansleben S et al. The highly
homologous T-Box transcription factors, TBX2 and TBX3, have distinct roles in the
oncogenic process. Genes Cancer 2010; 1: 272–282.
21 Peres J, Prince S. The T-box transcription factor, TBX3, is sufﬁcient to promote
melanoma formation and invasion. Mol Cancer 2013; 12: 117.
22 Liu J, Esmailpour T, Shang X, Gulsen G, Liu L, Huang T. TBX3 over-expression
causes mammary gland hyperplasia and increases mammary stem-like cells in an
inducible transgenic mouse model. BMC Dev Biol 2011; 11: 65.
23 Li J, Weinberg MS, Zerbini L, Prince S. The oncogenic TBX3 is a downstream target
and mediator of the TGF-beta1 signaling pathway. Mol Biol Cell 2013; 24:
3569–3576.
24 Rodriguez M, Aladowicz E, Lanfrancone L, Goding CR. Tbx3 represses E-cadherin
expression and enhances melanoma invasiveness. Cancer Res 2008; 68:
7872–7881.
25 Mahlamäki EH, Bärlund M, Tanner M, Gorunova L, Höglund M, Karhu R et al.
Frequent ampliﬁcation of 8q24, 11q, 17q, and 20q‐speciﬁc genes in
pancreatic cancer. Genes Chromosomes Cancer 2002; 35: 353–358.
26 Fan W, Huang X, Chen C, Gray J, Huang T. TBX3 and its isoform TBX3+2a are
functionally distinctive in inhibition of senescence and are overexpressed in a
subset of breast cancer cell lines. Cancer Res 2004; 64: 5132–5139.
27 Rowley M, Grothey E, Couch FJ. The role of Tbx2 and Tbx3 in mammary
development and tumorigenesis. Mammary Gland Biol Neoplasia 2004; 9:
109–118.
28 Lomnytska M, Dubrovska A, Hellman U, Volodko N, Souchelnytskyi S. Increased
expression of cSHMT, Tbx3 and utrophin in plasma of ovarian and breast cancer
patients. Int J Cancer 2006; 118: 412–421.
29 Lyng H, Brøvig RS, Svendsrud DH, Holm R, Kaalhus O, Knutstad K et al. Gene
expressions and copy numbers associated with metastatic phenotypes of uterine
cervical cancer. BMC Genomics 2006; 7: 268.

Oncogenesis (2016), 1 – 13

30 Frith AE, Hirbe AC, Van Tine BA. Novel pathways and molecular targets for the
treatment of sarcoma. Curr Oncol Rep 2013; 15: 378–385.
31 Quesada J, Amato R. The molecular biology of soft-tissue sarcomas and current
trends in therapy. Sarcoma 2012; 16: 849456.
32 Verweij J, Baker LH. Future treatment of soft tissue sarcomas will be driven
by histological subtype and molecular aberrations. Eur J Cancer 2010; 46:
863–868.
33 Doyle LA. Sarcoma classiﬁcation: an update based on the 2013 World Health
Organization Classiﬁcation of Tumors of Soft Tissue and Bone. Cancer 2014; 120:
1763–1774.
34 Mettlin C, Priore R, Rao U, Gamble D, Lane W, Murphey G. Results of the national
soft‐tissue sarcoma registry. J Surg Oncol 1982; 19: 224–227.
35 Du HF, Ou LP, Yang X, Song XD, Fan YR, Tan B et al. A new PKCalpha/beta/TBX3/
E-cadherin pathway is involved in PLCepsilon-regulated invasion and migration in
human bladder cancer cells. Cell Signal 2014; 26: 580–593.
36 Wang N, He YL, Pang LJ, Zou H, Liu CX, Zhao J et al. Down-regulated
E-cadherin expression is associated with poor ﬁve-year overall survival in
bone and soft tissue sarcoma: results of a meta-analysis. PLoS One 2015; 10:
e0121448.
37 Zhu L, McManus MM, Hughes DP. Understanding the biology of bone sarcoma
from early initiating events through late events in metastasis and disease
progression. Front Oncol 2013; 3: 230–237.
38 Üren A, Wolf V, Sun YF, Azari A, Rubin JS, Toretsky JA. Wnt/Frizzled signaling in
Ewing sarcoma. Pediatr Blood Cancer 2004; 43: 243–249.
39 Leow PC, Tian Q, Ong ZY, Yang Z, Ee PR. Antitumor activity of natural compounds,
curcumin and PKF118-310, as Wnt/β-catenin antagonists against human
osteosarcoma cells. Expert Opin Invest 2010; 28: 766–782.
40 Dobashi Y, Suzuki S, Sato E, Hamada Y, Yanagawa T, Ooi A. EGFR-dependent and
independent activation of Akt/mTOR cascade in bone and soft tissue tumors. Mod
Pathol 2009; 22: 1328–1340.
41 Pignochino Y, Grignani G, Cavalloni G, Motta M, Tapparo M, Bruno S et al.
Sorafenib blocks tumour growth, angiogenesis and metastatic potential in
preclinical models of osteosarcoma through a mechanism potentially involving
the inhibition of ERK1/2, MCL-1 and ezrin pathways. Mol Cancer 2009; 8: 118.
42 Peres J, Mowla S, Prince S. The T-box transcription factor, TBX3, is a key substrate
of AKT3 in melanomagenesis. Oncotarget 2015; 6: 1821–1833.
43 Willmer T, Peres J, Mowla S, Abrahams A, Prince A. The T-Box factor TBX3 is
important in S-phase and is regulated by c-Myc and cyclin A-CDK2. Cell Cycle
2015; 14: 3173–3183.
44 Etcheverry A, Aubry M, De Tayrac M, Vauleon E, Boniface R, Guenot F et al. DNA
methylation in glioblastoma: impact on gene expression and clinical outcome.
BMC Genomics 2010; 11: 701.
45 Kandimalla R, van Tilborg AA, Kompier LC, Stumpel DJ, Stam RW, Bangma CH et al.
Genome-wide analysis of CpG island methylation in bladder cancer identiﬁed
TBX2, TBX3, GATA2, and ZIC4 as pTa-speciﬁc prognostic markers. Eur Urol 2012;
61: 1245–1256.
46 Beukers W, Kandimalla R, Masius RG, Vermeij M, Kranse R, van Leenders GJ et al.
Stratiﬁcation based on methylation of TBX2 and TBX3 into three molecular grades
predicts progression in patients with pTa-bladder cancer. Mod Pathol 2014; 28:
515–522.
47 White-Al Habeeb NM, Ho LT, Olkhov-Mitsel E, Kron K, Pethe V, Lehman M et al.
Integrated analysis of epigenomic and genomic changes by DNA methylation
dependent mechanisms provides potential novel biomarkers for prostate cancer.
Oncotarget 2014; 5: 7858.
48 Storz P, Döppler H, Copland JA, Simpson KJ, Toker A. FOXO3a promotes tumor cell
invasion through the induction of matrix metalloproteinases. Mol Cell Biol 2009;
29: 4906–4917.
49 Bullock MD, Bruce A, Sreekumar R, Curtis N, Cheung T, Reading I et al. FOXO3
expression during colorectal cancer progression: biomarker potential reﬂects a
tumour suppressor role. Br J Cancer 2013; 109: 387–394.
50 Lebrun JJ. The dual role of TGF in human cancer: from tumor suppression to
cancer metastasis. ISRN Mol Biol 2012; 2012: 1–28.
51 Vervoort S, van Boxtel R, Coffer P. The role of SRY-related HMG box transcription
factor 4 (SOX4) in tumorigenesis and metastasis: friend or foe&quest. Oncogene
2013; 32: 3397–3409.
52 Fernando RI, Litzinger M, Trono P, Hamilton DH, Schlom J, Palena C. The T-box
transcription factor Brachyury promotes epithelial-mesenchymal transition in
human tumor cells. J Clin Invest 2010; 120: 533.
53 Shimoda M, Sugiura T, Imajyo I, Ishii K, Chigita S, Seki K et al. The T-box
transcription factor Brachyury regulates epithelial–mesenchymal transition in
association with cancer stem-like cells in adenoid cystic carcinoma cells. BMC
Cancer 2012; 12: 377.
54 Park JC, Chae YK, Son CH, Kim MS, Lee J, Ostrow K et al. Epigenetic silencing of
human T (brachyury homologue) gene in non-small-cell lung cancer. Biochem
Biophys Res Commun 2008; 365: 221–226.

TBX3 contributes to a range of sarcoma subtypes
T Willmer et al

13
55 He M-L, Chen Y, Peng Y, Jin D, Du D, Wu J et al. Induction of apoptosis and
inhibition of cell growth by developmental regulator hTBX5. Biochem Biophys Res
Commun 2002; 297: 185–192.
56 Yu J, Ma X, Cheung K, Li X, Tian L, Wang S et al. Epigenetic inactivation of T-box
transcription factor 5, a novel tumor suppressor gene, is associated with
colon cancer. Oncogene 2010; 29: 6464–6474.
57 Rosenbluh J, Nijhawan D, Cox AG, Li X, Neal JT, Schafer EJ et al. β-Catenin-driven
cancers require a YAP1 transcriptional complex for survival and tumorigenesis.
Cell 2012; 151: 1457–1473.
58 Namba M, Nishitani K, Kimoto T. Characteristics of WI-38 cells (WI-38 CT-1)
transformed by treatment with Co-60 gamma rays. Gan 1980; 71: 300–307.
59 de Haan JB, Gevers W, Parker MI. Effects of sodium butyrate on the synthesis and
methylation of DNA in normal cells and their transformed counterparts. Cancer
Res 1986; 46: 713–716.
60 van der Westhuyzen DR, Coetzee GA, Demasius I, Harley EH, Gevers W, Baker SG
et al. Low density lipoprotein receptor mutations in South African homozygous

familial hypercholesterolemic patients. Arterioscler Thromb Vasc Biol 1984; 4:
238–247.
61 Davis E, Teng H, Bilican B, Parker M, Liu B, Carriera S et al. Ectopic Tbx2 expression
results in polyploidy and cisplatin resistance. Oncogene 2008; 27: 976–984.
62 Prince S, Wiggins T, Hulley P, Kidson S. Stimulation of melanogenesis by
tetradecanoylphorbol 13‐acetate (TPA) in mouse melanocytes and neural
crest cells. Pigment Cell Res 2003; 16: 26–34.

Oncogenesis is an open-access journal published by Nature Publishing
Group. This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this article are included
in the article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need to
obtain permission from the license holder to reproduce the material. To view a copy of
this license, visit http://creativecommons.org/licenses/by/4.0/

Oncogenesis (2016), 1 – 13

