
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=kccy20

Download by: [University of Cape Town Libraries] Date: 14 December 2015, At: 00:26

Cell Cycle

ISSN: 1538-4101 (Print) 1551-4005 (Online) Journal homepage: http://www.tandfonline.com/loi/kccy20

The T-Box factor TBX3 is important in S-phase and
is regulated by c-Myc and cyclin A-CDK2

Tarryn Willmer, Jade Peres, Shaheen Mowla, Amaal Abrahams & Sharon
Prince

To cite this article: Tarryn Willmer, Jade Peres, Shaheen Mowla, Amaal Abrahams & Sharon
Prince (2015) The T-Box factor TBX3 is important in S-phase and is regulated by c-Myc and
cyclin A-CDK2, Cell Cycle, 14:19, 3173-3183, DOI: 10.1080/15384101.2015.1080398

To link to this article:  http://dx.doi.org/10.1080/15384101.2015.1080398

Accepted author version posted online: 12
Aug 2015.

Submit your article to this journal 

Article views: 110

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=kccy20
http://www.tandfonline.com/loi/kccy20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/15384101.2015.1080398
http://dx.doi.org/10.1080/15384101.2015.1080398
http://www.tandfonline.com/action/authorSubmission?journalCode=kccy20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=kccy20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/15384101.2015.1080398
http://www.tandfonline.com/doi/mlt/10.1080/15384101.2015.1080398
http://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2015.1080398&domain=pdf&date_stamp=2015-08-12
http://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2015.1080398&domain=pdf&date_stamp=2015-08-12


The T-Box factor TBX3 is important in S-phase
and is regulated by c-Myc and cyclin A-CDK2

Tarryn Willmery, Jade Peresy, Shaheen Mowla, Amaal Abrahams, and Sharon Prince*

Department of Human Biology; Faculty of Health Sciences; University of Cape Town; Cape Town, South Africa

yThese authors contributed equally to this manuscript.

Keywords: c-Myc, cyclin A-CDK2, cell cycle, phosphorylation, S-phase, TBX3, transcription

The transcription factor, TBX3, is critical for the formation of, among other structures, the heart, limbs and mammary
glands and haploinsufficiency of the human TBX3 gene result in ulnar-mammary syndrome which is characterized by
hypoplasia of these structures. On the other hand, the overexpression of TBX3 is a feature of a wide range of cancers
and it has been implicated in several aspects of the oncogenic process. This includes its ability to function as an
immortalizing gene and to promote proliferation through actively repressing negative cell cycle regulators. Together
this suggests that TBX3 levels may need to be tightly regulated during the cell cycle. Here we demonstrate that this is
indeed the case and that TBX3 mRNA and protein levels peak at S-phase and that the TBX3 protein is predominantly
localized to the nucleus of S-phase cells. The increased levels of TBX3 in S-phase are shown to occur transcriptionally
through activation by c-Myc at E-box motifs located at ¡1210 and ¡701 bps and post-translationally by cyclin A-CDK2
phosphorylation. Importantly, when TBX3 is depleted by shRNA the cells accumulate in S-phase. These results suggest
that TBX3 is required for cells to transit through S-phase and that this function may be linked to its role as a pro-
proliferative factor.

Introduction

T-box factors comprise an archaic family of transcription factors
that are defined by a conserved DNA binding motif known as the T-
box.1,2Members of this family are best known for their roles in devel-
opment where they are expressed in a wide range of tissues and organs
and their functions are integral to early cell-fate decisions and organo-
genesis.3 The T-box factor TBX3 is crucial for the development of
the limb, heart and mammary glands and mutations resulting in
haplo-insufficiency of TBX3 are the genetic basis for the human
ulnar-mammary syndrome.4 Apart from its well defined role in
development, a wealth of information has linked the overexpression
of TBX3 to a growing list of cancers where it has been shown to
impinge on multiple signaling pathways to promote the oncogenic
process.5 One such mechanism is the ability of TBX3 to override key
cell cycle checkpoints to suppress senescence and promote prolifera-
tion by transcriptionally repressing the cyclin-dependent kinase
inhibitors, p21WAF1/CIP1/SDII (hereafter referred to as p21) and
p14ARF.6,7 TBX3 also promotes proliferation of head and neck squa-
mous carcinoma cells by directly repressing the tumor suppressor
PTEN8 and embryonic stem cells by up-regulating Zscan4 to elon-
gate telomeres as well as through repressing NFjBIB and p14ARF.9,10

In light of these findings it appears that the role of TBX3 in cancer
may, in part, be linked to its ability to regulate the cell cycle, which
suggests that its levels and transcriptional activity may have to be
tightly regulated during this process.

At a molecular level the cell cycle is regulated by the ordered
activation of serine/threonine-specific cyclin dependent kinase
(CDK) complexes11 which phosphorylate numerous substrates
to drive progression through the cell cycle.12 The D type cyclins
(cyclins D1, D2, D3), in association with CDK4/CDK6, regu-
late entry into G1 and cyclin E-CDK2 regulates progression
from G1 into S-phase.13,14 Cyclin A-CDK2 is a key promoter of
S-phase progression and cyclin B-CDK1 is critical for a number
of mitotic events.15-17 The c-Myc transcription factor also plays
an important role in cell cycle control, in part, through its ability
to upregulate the G1 cyclins18-20 and through repressing levels of
the CDK inhibitors, p21 and p27.21-25 Whereas the former
occurs through direct binding of c-Myc to consensus E-box
motifs (CACGTG), p21 repression occurs by an indirect mecha-
nism involving c-Myc interfering with MIZ-1, a p21 activator, or
by sequestering and consequently inhibiting SP-1 and SP-3 bind-
ing to the p21 promoter.24,25

Here we show that the expression of TBX3 is regulated during
the cell cycle and that at S-phase TBX3 mRNA and protein lev-
els peak and the protein localizes predominantly to the nucleus.
Importantly, knockdown of TBX3 results in an S-phase arrest
indicating that it is required for progression through S-phase. We
show that TBX3 protein levels are upregulated at S-phase due to
transcriptional activation by c-Myc and phosphorylation by
cyclin A-CDK2 which provide additional evidence to support a
role for TBX3 in S-phase.
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Results

TBX3 protein levels and nuclear localization are highest in
S-phase

To explore the possibility that TBX3 protein levels are regu-
lated during the various phases of the cell cycle, we synchronized
PNT1A and SW1353 cells, which express TBX3, at specific
phases of the cell cycle and analyzed the protein by western blot-
ting and confocal microscopy. Flow cytometry analysis con-
firmed successful synchronization in each phase of the cell cycle
(Fig. 1A) and western blotting of the levels of cyclin A and cyclin
B1 confirmed synchronization of cells in S and G2/M respec-
tively (Fig. 1B). Importantly, TBX3 protein levels increase in G1
and peak in S (Fig. 1B) and while the protein is both nuclear
and cytoplasmic in G1 and G2 arrested cells, it is predominantly
nuclear in S-phase cells (Fig. 2A and B). These results provide
evidence that TBX3 levels and nuclear localization is regulated
during the cell cycle and that it may have a role in S-phase.
Indeed, when TBX3 is depleted by shRNA, the majority of cells
accumulates in S-phase and do not progress to G2 (Fig. 2C).

c-Myc transcriptionally upregulates TBX3 through E-box
motifs at positions ¡1210 and ¡701 bps

To determine the mechanism(s) responsible for upregulating
TBX3 levels in S-phase, quantitative real-time PCR was per-
formed using RNA from cells synchronized as described earlier
and results show that the levels of TBX3 mRNA match the trend
seen for TBX3 protein levels (compare Fig. 3A with Fig. 1B).
Furthermore, treatment of cells synchronized in S-phase with
Actinomycin D (AD), a transcriptional inhibitor, abolished the
increase in TBX3 mRNA and protein (Fig. 3B and 3C) suggest-
ing that TBX3 levels are upregulated transcriptionally in S-phase.

We considered the possibility that c-Myc may be responsible
for the above transcriptional upregulation because of its role in S-
phase26 and because the TBX3 promoter contains 4 highly con-
served E-box motifs (Fig. 4A). This was explored by performing
chromatin immunoprecipitation assays to determine whether c-
Myc binds these motifs in vivo in an S-phase dependent manner.
Briefly, DNA bound by c-Myc was immunoprecipitated from
asynchronous, G1, S, or G2 cells and subjected to quantitative real
time PCR with primers spanning the E-box sites as indicated in

Figure 4B. Compared to the IgG nega-
tive control, binding of c-Myc to the E-
box sites at ¡1210 and ¡701 bps was
enhanced by 600 fold and 80 fold
respectively in S-phase cells and there
was minimal occupancy of c-Myc at
these sites in asynchronous, G1 and G2
cells (Fig. 4B). Interestingly, no PCR
product was detected with primers
spanning the E-box sites at ¡1936 and
1789 bps, indicating that these sites are
not bound by c-Myc (data not shown).
In addition, silencing c-Myc expression
by siRNA substantially reduced TBX3
protein levels in S-phase cells (Fig. 4C).
Together this data provide in vivo evi-
dence that c-Myc upregulates TBX3
levels during S-phase by directly bind-
ing a region of the TBX3 promoter that
harbours the E-box sites located at
¡1210 and¡701 bps.

To further explore the regulation of
TBX3 by c-Myc, luciferase reporter
assays were performed and the results
show that c-Myc significantly activates
a ¡2186 bp TBX3 promoter in a dose
dependent manner (Fig. 5A). This
activation was significantly reduced in
a ¡831 deletion construct which con-
tained only the E-box motif at ¡701
and was abolished in a ¡384 deletion
construct lacking an E-box motif
(Fig. 5B). Importantly, mutation of
both E-boxes at ¡1210 and ¡701 led
to the abrogation of TBX3 activation
by c-Myc (Fig. 5C). Furthermore, we

Figure 1. TBX3 protein levels are elevated in S-phase. (A) Flow cytometry of asynchronous PNT1A and
SW1353 cells or cells arrested at specific stages of the cell cycle as indicated. (B) Western blotting of
cell extracts prepared from asynchronous or synchronised cells with antibodies to the indicated pro-
teins. Anti-p38 antibody was used as a loading control.

3174 Volume 14 Issue 19Cell Cycle

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

ap
e 

T
ow

n 
L

ib
ra

ri
es

] 
at

 0
0:

26
 1

4 
D

ec
em

be
r 

20
15

 



Figure 2. TBX3 protein levels and nuclear localization are highest in S-phase and it is required for progression through S-phase into G2 (A) Immunofluo-
rescence at 40X magnification of PNT1A and SW1353 cells using a rabbit polyclonal anti-TBX3 antibody. All cells were stained with DAPI, to determine
the location of the nuclei. (B) Subcellular fractionation was performed using PNT1A and SW1353 cell lysates. Nuclear and cytoplasmic extracts were sub-
jected to western blot analyses and probed for TBX3 using anti-TBX3 antibody. GAPDH (cytoplasmic protein) and p84 (nuclear protein) expression were
determined by anti-GAPDH and -p84 antibodies. (C) Upper panel: Flow cytometry of SW1353 and ATDC5 shTBX3 and shCtrl cells. Middle panel: Table
showing percentages of cells in each phase of the cell cycle. Lower panel: Knockdown of TBX3 protein in SW1353 and ATDC5 cells was confirmed by
western blotting using an antibody to TBX3. Anti-p38 antibody was used as a loading control.
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used DNA affinity immunoblot (DAI) assays to determine
whether c-Myc does indeed bind the TBX3 E-box motifs at
¡1210 and ¡701 bps in vitro. Briefly, nuclear extracts from
asynchronous, G1, S and G2 cells were incubated with biotiny-
lated DNA probes containing either wild-type or mutant E-boxes
and protein-bound DNA was isolated and analyzed by western
blotting. The results show that there was only an interaction
between c-Myc in nuclear extracts from S-phase cells to probes
with the wild type E-boxes (Fig. 5D). These results confirmed
that c-Myc directly binds and activates the TBX3 promoter at
the E-boxes located at ¡1210 and ¡701 bps.

Cyclin A-CDK2 binds and phosphorylates TBX3
The increase in TBX3 protein levels and its exclusive

nuclear localization during S-phase suggests that the structure
and function of the protein may also be regulated by phosphor-
ylation. Indeed, when cells were synchronized in S-phase and
treated with olomoucine, an inhibitor of cyclin A-CDK2 and
cyclin B-CDK1, the levels of TBX3 were significantly reduced
(Fig. 6A). However, treatment with R03306, which specifically
inhibits the cyclin B-CDK1 complex, had no impact on TBX3
protein levels (Fig. 6A) suggesting that the results obtained

with olomoucine were specifically due
to the inhibition of CDK2. Indeed,
when CDK2 was silenced by siRNA,
TBX3 levels decreased to undetectable
levels (Fig. 6B). Furthermore, the pro-
teosome inhibitor MG132 could rescue
TBX3 protein levels in olomoucine
treated cells (Fig. 6C). These results
suggest that the increase in TBX3 pro-
tein levels in S-phase is also due to
phosphorylation by CDK2.

To determine if TBX3 is a substrate
for the cyclin A-CDK2 complex, the
ability of TBX3 to bind cyclin A in vivo
was investigated by immunoprecipitation
assays using cells synchronized in S-phase
and an antibody to cyclin A. The ratio-
nale for this approach was based on the
fact that phosphorylation by a CDK is

dependent on direct interaction between its associated cyclin and
its substrate.12 The results show that TBX3 specifically interacts
with cyclin A in S-phase (Fig. 7A). The minimum consensus
sequence recognized by CDK2 is serine-proline (SP) and the
TBX3 protein sequence has 11 SP motifs (Fig. 7B). Having
established that cyclin A binds to TBX3, we next investigated
whether TBX3 is phosphorylated by the CDK2 kinase in vitro.
Either the wild type (WT) full-length TBX3 or WT N-terminal
(1–371) TBX3 proteins (Fig. 7C) were expressed with a GST tag
and used as substrates in in vitro kinase assays and GST was used
as a negative control. The results indicate that both the WT full-
length and N-terminal TBX3 fusion proteins were phosphory-
lated by CDK2 and that phosphorylation occurs within the N-
terminal half of the protein.

Discussion

Several lines of evidence suggest that, during embryonic devel-
opment and cancer, the T-box transcription factor TBX3
represses key cell cycle regulators such as p21, NFjBIB and
p14ARF to impact on proliferation.6-10,27-30 This suggests that

Figure 3. TBX3 levels are upregulated tran-
scriptionally and post-transcriptionally in S-
phase (A) Quantitative RT-PCR of TBX3 mRNA
derived from PNT1A and SW1353 cells or cells
synchronised at specific stages of the cell
cycle as indicated. Bars, SEM. *p < 0.05;
** p< 0.002; *** p <0.0005. (B) Quantitative
RT-PCR of TBX3 mRNA or (C) Western blot
analyses of TBX3 protein derived from PNT1A
and SW1353 cells or cells synchronized in S-
phase and treated with or without the tran-
scriptional inhibitor, Actinomycin D (AD). The
levels of TBX3 mRNA expression were ana-
lyzed using primers specific to TBX3 and nor-
malized against GUSB. Bars, SEM. *p < 0.05;
*** p< 0.0005

3176 Volume 14 Issue 19Cell Cycle
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TBX3 levels may need to be tightly regulated during the various
phases of the cell cycle. Here we show that this is indeed the case
and that TBX3 mRNA and protein levels are highest in S-phase
which is due to direct transcriptional activation by c-Myc and
phosphorylation of the TBX3 protein by cyclin A-CDK2. Fur-
thermore, the subcellular localization of TBX3 also appears to be
regulated during the cell cycle with the protein being localized
predominantly to the nucleus in S-phase. Importantly, the deple-
tion of TBX3 by shRNA results in cells arresting in S-phase.
Together our data suggest a role for TBX3 in S-phase and/or in
the transition from S into G2.

TBX2 the homologous partner of TBX3, also has an estab-
lished role as an anti-senescence and pro-proliferative factor and
like TBX3 it represses p21 and p14ARF. This may suggest that
TBX2 and TBX3 levels are similarly regulated and have overlap-
ping roles during the cell cycle. However, contrary to our find-
ings that TBX3 levels peak in S-phase, Tbx2 levels were shown to
peak in G2.31 Furthermore, unlike our current data showing that
depleting TBX3 leads to an S-phase arrest, we have previously
shown that knocking down TBX2 in breast cancer and mela-
noma cells compromises an S-phase arrest in response to cisplatin
induced DNA damage.32 Together our data provide additional
support that, while highly homologous, TBX2 and TBX3 have
distinct biological roles during the cell cycle.

This study identifies TBX3 as a novel target of c-Myc dur-
ing S-phase of the cell cycle. We demonstrate using in vitro
and in vivo assays that c-Myc can directly bind the TBX3 pro-
moter at the E-boxes located at ¡1210 and ¡701 bps which

is sufficient to activate TBX3 transcription. While the E-box
situated at ¡1210 bps is not a canonical c-Myc recognition
site, a recent study by Selmi et al.33 also demonstrated that
c-Myc directly binds and activates the TWIST1 promoter
through this site. In this regard it is worth noting that chroma-
tin context is now recognized to be an important determinant
of c-Myc binding to E-boxes i.e. it appears to preferentially
bind E-boxes in “active chromatin.”34-36 Furthermore, it has
been established that cells in S-phase have genetically active
open chromatin, and hence our data showing that c-Myc pref-
erentially binds the TBX3 promoter in S-phase supports this
possibility.37

We show that TBX3 is required for progression through
S-phase which begs the question as to the link between c-Myc-
TBX3 and S-phase. c-Myc has been heavily implicated in regulat-
ing S-phase entry by, in part, activating CDC25A and Cyclin
E and in DNA replication by for example activating CDT1 and
the DNA metabolic enzyme, thymidine kinase.21,38-41 Interest-
ingly, the role of c-Myc in regulating S-phase entry and DNA
replication appears to both involve its ability to repress p21, a
known TBX3 direct target gene.7,42 c-Myc was reported to
repress p21 by preventing its activation by Sp1/Sp3 and MIZ-1
to allow cells to bypass the G1 checkpoint and progress into
S-phase.24,25 In vitro, TBX3 can directly bind and repress a
T-element in the p21 promoter and it is tempting to speculate
that to facilitate entry and progression through S-phase c-Myc
prevents activation of p21 through multiple mechanisms includ-
ing activation of TBX3.

Figure 4. During S-phase, c-Myc directly binds a region of the TBX3 promoter containing the E-box sites located at ¡1210 and ¡701 bps and upregu-
lates its levels. (A) TBX3 promoter contains 4 highly conserved E-box motifs and the position of each E-box is indicated. (B) Upper panel: Primers spanning
the E-box sites as indicated by arrows. Lower panel: Chromatin immunoprecipitation assays were performed using DNA immunoprecipitated from asyn-
chronous cells and cells synchronized in G1, S, or G2 with an antibody directed against c-Myc or IgG (negative control). Immunoprecipitated DNA was
assayed by qRT-PCR with primers spanning the E-box sites in the TBX3 promoter as indicated in upper panel. Bars, SD. *** p< 0.0005. (C) SW1353 cells
synchronized in S-phase were transiently transfected with 50nM siRNAs to c-Myc (sic-Myc#1 and sic-Myc#2) or the equivalent concentration of control
siRNA (siCtrl) for 48 hours. Protein extracts were subjected to western blot analyses with antibodies to c-Myc, TBX3 and p38 (loading control).
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Here we identify TBX3 as a substrate for the cyclin A-CDK2
complex, another important regulator of entry and progression
through S-phase. We show that phosphorylation of TBX3 by

this complex leads to an increase in protein stability. Indeed,
treatment of cells with olomoucine led to a dramatic decrease in
TBX3 protein levels in S phase and this could be rescued when

Figure 5. c-Myc transcriptionally upregulates TBX3 through E-box motifs at positions ¡1210 and ¡701 bps. Luciferase assays of SW1353 and COS7 cells
transfected with (A) 500 ng of human TBX3 with 50–500 ng of c-Myc expression construct, and (B) Upper panel: transfected with 500 ng of each TBX3
promoter reporter deletion constructs (see lower panel) of 100ng c-Myc expression construct. Lower panel: Schematic representations of TBX3 promoter
deletion constructs cloned upstream of a luciferase reporter. The putative E-box motifs are indicated by crosses. (C) Luciferase assays of cells transfected
with 100 ng of c-Myc expression construct together with either 500ng of TBX3 promoter reporter or with TBX3 promoter reporter with mutated E-box
motifs. Bars, SEM. *p < 0.03; ** p< 0.002; *** p< 0.0005. (D) Biotinylated DNA probes of the TBX3 promoter containing the homologous wild-type (WT)
or mutant (MT) E-box motifs were immobilized on streptavidin beads and incubated with nuclear extracts from SW1353 cells or cells synchronized in the
different phases of the cell cycle. The DNA-bound protein complexes were isolated and analyzed by western blotting using antibody to c-Myc.
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the proteasome was inhibited with
MG132. We further show that TBX3 is
predominantly nuclear in S-phase cells,
and it will be interesting to explore
whether its translocation to the nucleus
is regulated by cyclin A-CDK2 phos-
phorylation. This possibility is consis-
tent with the nuclear localization of
TBX2 being regulated by phosphoryla-
tion in response to cellular stress.43

Given the importance of cyclin A-
CDK2 in S-phase, these results provide
additional support that TBX3 must
play an important role during this stage
of the cell cycle. Cyclin A-CDK2 pro-
motes S-phase progression by either
directly phosphorylating substrates such
as Cdh1, Rb, p21 and p27 or indirectly
by phosphorylating substrates that are
able to regulate these factors.44-47 It is
tempting to speculate that TBX3 may
be an example of the latter to ensure
repression of p21. This would be impor-
tant to ensure a negative feedback loop
because p21 can inhibit cyclin A-CDK2
activity.46

Cyclin A-CDK2 also maintains S-phase progression by phos-
phorylating and inactivating Rb to ensure the release of E2F.45

Interestingly, recent reports have demonstrated that TBX3 can
bypass senescence by forming a co-repressor complex with
CAPERa to inhibit the Rb pathway, in part, through repressing
CDKN2A-p16INK transcription and destabilizing p16INK

mRNA.48 It would therefore be important to explore whether
phosphorylation of TBX3 by cyclin A-CDK2 also plays a role in
inhibiting the Rb pathway during S-phase progression. Further-
more, Kumar et al.48 also showed that TBX3¡/¡ mouse embry-
onic fibroblasts have decreased CDK2 and c-Myc levels. This
data together with our data suggest a positive feedback loop
between TBX3, c-Myc and cyclin A-CDK2 in S-phase progres-
sion (see Figure 8 for proposed model). In conclusion, the cur-
rent study provides a molecular basis for the regulation of TBX3
in S-phase which may begin to provide insight into its role in the
cell cycle and in cancer.

Materials and Methods

Plasmids and mutagenesis
The human pGEX-TBX3 full length (FL), pGEX TBX3 N-

terminal and the human TBX3 promoter luciferase reporter con-
structs were generated as previously described.49,50 The ¡2186–
base pair TBX3-luciferase plasmid was modified to introduce
point mutations by site-directed mutagenesis using the Strata-
gene QuikChange system. Successful introduction of the muta-
tion was confirmed by sequencing. Flag tagged c-Myc expression

construct was kindly provided by Professor Luscher from Institut
f€ur Biochemie, Germany.

Cell culture and transfections
PNT1A normal human prostate epithelium (provided by Pro-

fessor Nicolas Novitzky, Division of Haematology, University of
Cape Town), COS7 (fibroblast-like cell line derived from mon-
key kidney tissue), ATDC5 mouse chondrosarcoma and
SW1353 human chondrosarcoma (ATCC HTB-94) cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 200 units/ml peni-
cillin and 100 mg/ml streptomycin. Cells were maintained in a
37�C incubator (95% air/5% CO2, 65% humidity). Knockdown
of CDK2 and c-Myc expression was achieved by transfecting cells
with siRNAs that specifically target CDK2 (si-CDK2#1 (Sigma,
USA) or siCDK2#2 (Qiagen, USA)) or c-Myc (sic-Myc#1
(Dharmacon, Lafayette, CO, USA) or sic-Myc#2 (Qiagen,
USA)) or a control (non-silencing) siRNA (Qiagen, USA), using
Hiperfect (Qiagen, USA) according to the manufacturer’s
instructions. For luciferase assays, cells were transfected with
500 ng of the TBX3 luciferase reporter plasmid plus 50 ng,
100 ng, 200 ng, 300 ng and 500 ng of c-Myc expression vector
or empty vector plasmid. The vector pRL-TK, containing the
thymidine kinase promoter which drives the expression of a
renilla reporter, was used as an internal control for transfection
efficiency (40 ng per transfection). Cells were cultured for 30 hr
and extracts were then assayed for firefly and renilla luciferase
activity using the dual luciferase assay system (Promega, Madi-
son, WI, USA) according to the manufacturer’s instructions.
Luciferase activities were measured using the Luminoskan Ascent
luminometer (Thermo Labsystems, Franklin, MA, USA).

Figure 6. TBX3 protein levels are upregulated by CDK2. Western blot analyses with antibodies to the
indicated proteins was performed using protein extracts from PNT1A and SW1353 cells: (A) Cells syn-
chronized in S-phase for 2 or 4 hrs were treated with either olomoucine (an inhibitor of cyclin A-CDK2)
or R03306 (inhibits the mitotic cyclinB1 complex); (B) cells transiently transfected with 50nM siRNAs to
CDK2 (siCDK2#1 and siCDK2#2) or the equivalent concentration of control siRNA (siCtrl) for 48 hours;
(C) cells synchronized in S-phase were treated with or without olomoucine and/or MG132 (protea-
some inhibitor).
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Cell cycle synchronization and Flow cytometry
Cells were synchronized in specific phases of the cell cycle by a

double thymidine (Sigma, USA) block (15 hr 2 mM thymidine,
9 hr release, 15 hr thymidine) to obtain a G1/S population, or
were released into fresh medium for 4 hours to obtain S-phase
cells. G2 cells were obtained by a single thymidine block followed
by 16 hr treatment with 0.1 mg/ml nocodazole (Sigma, USA), at
the end of which mitotic cells were separated by shake-off. The
cell cycle phase distribution was assessed by measuring DNA con-
tent by flow cytometry as described previously.51

Western blot analyses
Cells were harvested and solubilized at 4�C in RIPA buffer

(150 mM NaCl, 1% Triton X-100, 0.1% SDS, 20 mM Tris pH
7.5, 1% deoxycholate and a cocktail of protease inhibitors), cen-
trifuged at 12,000g for 20 min at 4�C and the supernatants

recovered. Protein were resolved by SDS-PAGE and transferred
to Hybond C (Amersham, United Kingdom). Membranes were
probed with appropriate primary antibodies followed by peroxi-
dase-conjugated anti-rabbit antibody and visualized by enhanced
chemiluminescence (Pierce). The primary antibodies used were
as follows: rabbit polyclonal anti-TBX3 antibody (1:500 dilu-
tion) (Zymed 42–4800; Zymed Laboratories), rabbit polyclonal
anti-p38 antibody (1:5000 dilution) (Sigma, Missouri, USA),
rabbit polyclonal anti-cyclin A (1:1000 dilution) and anti-cyclin
B1 (1:500 dilution) all from Santa Cruz Biotechnology, CA,
USA.

qRT-PCR
Total RNA was extracted from cells using the RNeasy Plus

Mini kit (Qiagen). Reverse transcription of RNA (1mg) was per-
formed according to the manufacturer’s instructions using the

Figure 7. Cyclin A-CDK2 binds and phosphorylates TBX3. (A) Cyclin A immunoprecipitation assays using cells synchronized in S-phase and an antibody to
cyclin A. Western blot analyses with antibodies to the indicated proteins was performed using protein extracts from PNT1A and SW1353. (B) Schematic
representation of the wild type full length (TBX3 FL) protein used as a substrate in kinase assays. Eleven putative serine proline (SP) motifs was identified.
(C) Upper panel: In vitro CDK2 kinase assays were performed using purified GST-TBX3 fusion proteins as substrates in the presence of the recombinant
activated CDK2 kinase and [g¡32P] ATP. Kinase assay using the indicated TBX3 proteins is shown in the upper panel after SDS-PAGE and autoradiogra-
phy. Lower panel: a Coomassie Blue stained gel indicating that comparable amounts of protein were used in the kinase assay.
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InProm-IITM reverse transcription system (A3800; Promega,
Madison, WI, USA). Using 2 ml of cDNA, quantitative real
time PCR was conducted on an Applied Biosystems StepOne
Plus thermal cycler or LightCycler Version 3 (Roche, Basle, Swit-
zerland) using 2x SYBR green master mix (Applied Biosystems,
Carlsbad, CA, USA), or SensiMix Lite Kit (QT 405–05; Quan-
tace, Taunton, MA) respectively, according to the manufacturer’s
protocols. PCR cycle parameters were: denaturation for 15 min
at 95�C, combined annealing and extension for 35 cycles at
60�C for 1min. Each DNA sample was quantified in triplicate
and a negative control without cDNA template was run with
every assay to assess the overall specificity. Melting curve analyses
was carried out to ensure product specificity. Relative mRNA
expression levels were normalized to glucuronidase b (GUSB)
using the 2-DDCt method. Primers used to amplify the human
TBX3 (QT00022484) and GUSB (QT00046046) were pur-
chased from Qiagen.

Treatments
To inhibit the kinase activity of cyclin A/CDK2 and/or cyclin

B1/CDK1, cells were synchronized in G1 phase with a double
thymidine block and released into S-phase in the presence of

50 mM (PNT1A) or 100 mM (SW1353) olomoucine (Sigma,
USA) and 20 mM (PNT1A) or 40 mM R03306 (Alexis Bio-
chemicals, Heidelberg, Germany) for 4 hr for western blot analy-
ses. For inhibition of de novo transcription, cells were treated
with 5 mg/ml (PNT1A) or 4 mM (SW1353) Actinomycin D
(Sigma, USA) for 4 hr after release into S-phase. For inhibition
of ubiquitin mediated protein degradation, cells were pre-treated
with 10 mM MG132 (PNT1A) or 25 mM (SW1353) (Calbio-
chem, USA) for 30 minutes prior to addition of olomoucine.

Immunofluorescence
Cells grown on glass coverslips, were fixed in ice cold absolute

methanol at ¡20�C for 5 min and permeabilized in 0.2% Triton
X-100 in PBS for 10 min before blocking for 1hr in 5% swine
serum in PBS. After overnight incubation at 4�C with the rabbit
polyclonal anti-TBX3 antibody (1:25 dilution) (Zymed 42–
4800; Zymed Laboratories), cells were incubated with the appro-
priate fluor-conjugated secondary Cy3 donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, Inc., USA). For DNA
staining, cells were incubated with 1 mg/ml DAPI (Sigma, Ger-
many) diluted in PBS for 10 min in the dark. Coverslips were
mounted on slides with Mowial mounting medium (Hoechst,
Germany) containing Anti-Fade (Sigma, USA) and fluorescent
cells were viewed using standard FITC and DAPI filters on an
Axiovert confocal microscope (Zeiss, USA).

Protein expression and purification
All glutathione S-transferase (GST) fusion proteins were

expressed in Escherichia coli strain pLysS. Isopropyl-1-thio-D-
galactopyranoside (IPTG) induction was performed for 4 hr
at 37�C. GST fusion proteins were purified using Glutathi-
one Sepharose 4B beads according to the manufacturer’s
instructions (Amersham Biosciences, USA). The GST-fusion
proteins were transformed into the Escherichia coli (E. coli)
strain pLysS and protein expression induced for 4 hrs with
0.5 M isopropyl-1-thio-Dgalactopyranoside IPTG) (Promega,
USA) at 37�C with shaking. Bacterial cells were collected by
centrifugation at 3000 rpm for 30 min at room temperature
and the resulting pellet resuspended in 1 ml PBSTi buffer
and lysed by sonication. Cellular debris was removed by cen-
trifugation at 13000 rpm for 30 min at 4�C. Protein lysates
were incubated with 140 ml PBSTi-equilibrated Glutathione
Sepharose 4B beads (Amersham Biosciences, USA) for 1 hr
at 4�C with constant rolling. The bead-bound complexes
were washed 4 times in 1 ml PBSTi buffer. Following
washes, the purified proteins were resuspended in 200 ml
PBSTi and stored at 4�C. Quantification was accomplished
by resolving equal volumes of GST and GST-fusion protein
on a 10% SDS PAGE followed by Coomassie staining for 1
hr and destaining overnight.

Protein kinase assays
Kinase assays were performed using 0.2 units/ml recombinant

cyclin A-CDK2 (New England BioLabs, UK) in a 40 ml reaction
volume (20 mM MOPS pH 7.2, 25 mM b- glycerophosphate,
5 mM EGTA, 1 mM sodium orthovanadate, 1 mM

Figure 8. A proposed model for regulation and the role of TBX3 during
S-phase. During S-phase, TBX3 is transcriptionally activated by c-Myc
which results in an increase in nuclear TBX3 protein levels which are sta-
bilized through phosphorylation by cyclin A-CDK2. This results in an
additional mechanism through which p21 is repressed by c-Myc and
cyclin A-CDK2 and prevents p21 mediated inhibition of cyclin A-CDK2. c-
Myc and CDK2 levels are also positively regulated by TBX3 through a
feedback loop. Finally, cyclin A-CDK2 and TBX3/CAPERa pathways con-
verge to negatively regulate the Rb pathway, thus leading to the release
of E2F to activate S-phase target genes and ultimately S-phase
progression.
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dithiothreitol). The kinase was added to TBX3-recombinant pro-
tein, in the presence of [g¡32P]ATP (10 mM Ci diluted with
9ml of 400 mM unlabelled ATP, 75 mM MgCl2) and incubated
for 30 min at 30�C. Following the kinase reaction, beads were
washed 5 times with 1 ml of reaction buffer, and 20 ml of pro-
tein denaturing buffer were added. Proteins were resolved on a
10% SDS-PAGE, stained with Coomassie and destained before
being dried for autoradiography.

Immunoprecipitation assays
PNTIA and SW1353 cells synchronized in S-phase were lysed

in 150 mM RIPA buffer [0.05 M Tris-HCl (pH 8), 0.15 M
NaCl, 0.1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS,
5 mM EDTA, 1 mM DTT, 10 mM NaF, 0.01 mM sodium
orthovanadate, 2 complete proteinase inhibitor tablets (Roche,
Switzerland)]. Cellular debris was removed by centrifugation at
12 000 rpm for 20 min at 4�C. The supernatant of each sample
was added to 40 ml of protein A/G Sepharose beads (Santa Cruz
Biotechnology) and incubated for 30 min at 4�C with rotation.
Rabbit polyclonal anti-cyclin A (5 mg) and a non-specific IgG
(Santa Cruz Biotechnology) antibody were added to separate
lysates and incubated at 4�C with rotation overnight. The
immune complexes were immunoprecipitated with 20 ml of pro-
tein A/G Sepharose beads at 4�C with rotation for 4 hr, washed
in cold PBS, boiled in 2X SDS loading buffer and protein sam-
ples were analyzed by SDS-PAGE and western blotting using
antibodies to TBX3 (1:500) and cyclin A (1:1000).

DNA affinity immunoblot assay
Biotinylated DNA probes spanning E-Boxes present at

¡1210 and ¡701 relative to the TBX3 transcriptional start site
were designed and purchased from IDT (Integrated DNA tech-
nologies, USA) (forward, 50-CACTCGACCTGTGAAAAC-
CAC-30; reverse, 50-Bio-AGAGCTCCTCGCCACCCT-30).
Subconfluent SW1353 cells were blocked in S-phase and
nuclear extracts isolated. For each DNA-binding reaction,
40 mg of nuclear extract was incubated with 1 mg of biotiny-
lated DNA probe in 200 ml of binding buffer (20 mM Tris-
HCl pH 7.6, 50 mM NaCl, 1 mM MgCl2, 0.2 mM EDTA,
0.5 mM dithiothreitol, 5% glycerol, and 10 ng/ml poly(dI-
dC)). The beads were extensively washed with binding buffer
and boiled in 25 ml of 2£ protein loading buffer (125 mM
Tris-HCl, pH 6.5, 0.4% SDS, 10% b-mercaptoethanol, and

20% glycerol). Proteins bound to the biotinylated probes were
analyzed by SDS–PAGE, followed by immunoblotting using
rabbit polyclonal anti-c-Myc (Cat# N262, Santa Cruz Biotech-
nology, Santa Cruz, CA).

Chromatin immunoprecipitation assays
Chromatin immunoprecipitation assays were carried out as

previously described.52 Briefly, SW1353 cells blocked in G1-,
S- or G2- phases of the cell cycle were fixed in 1% formaldehyde
and the chromatin extracted, sonicated, and immunoprecipitated
using antibodies against c-Myc (sc-N262) or IgG (negative con-
trol; Santa Cruz Biotechnology). DNA precipitated was analyzed
by qRT-PCR using the primer pairs: TBX3 E-box ¡1210
(forward, 50- GAG AAG ATA CCA GGC TGG C-30; reverse,
50 CAT ATT CCA CCT GGA TGT GGG30); E-box ¡701 (for-
ward, 50- GAG ACC AGC ACC GAG ACA C-30; reverse,
50 GGC CAC TCG GTT CTA CAA AAG-30) and GAPDH
(nonspecific promoter region control) (forward, 50-GAAGG
CTGGGGCTCATTT-30; reverse, 50-CAGGAGGCATTGCT-
GATGAT-3’). Crossing values (Ct) of E-box ¡1210 and E-box
¡701 precipitated DNA were normalized against the Ct values
of IgG. Fold enrichment was determined using the DD Ct
method: fold enrichment D 2¡(DCt1 ¡ DCt2), where DCt1 is
the ChIP of interest and DCt2 is the IgG.
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