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A key feature of TGF-f} signaling activation in cancer cells is the sustained activation of SMAD complexes
in the nucleus; however, the drivers of SMAD activation are poorly defined. Here, using human and mouse
breast cancer cell lines, we found that oncogene forkhead box M1 (FOXM1) interacts with SMAD3 to sus-
tain activation of the SMAD3/SMAD4 complex in the nucleus. FOXM1 prevented the E3 ubiquitin-protein
ligase transcriptional intermediary factor 1y (TIF1y) from binding SMAD3 and monoubiquitinating SMAD4,
which stabilized the SMAD3/SMAD4 complex. Loss of FOXM1 abolished TGF-f3-induced SMAD3/SMAD4
formation. Moreover, the interaction of FOXM1 and SMAD3 promoted TGF-/SMAD3-mediated tran-
scriptional activity and target gene expression. We found that FOXM1/SMAD3 interaction was required for
TGF-B-induced breast cancer invasion, which was the result of SMAD3/SMAD4-dependent upregulation
of the transcription factor SLUG. Importantly, the function of FOXM1 in TGF-p-induced invasion was not
dependent on FOXM1’s transcriptional activity. Knockdown of SMAD3 diminished FOXM1-induced metas-
tasis. Furthermore, FOXM!1 levels correlated with activated TGF-f signaling and metastasis in human breast
cancer specimens. Together, our data indicate that FOXM1 promotes breast cancer metastasis by increasing
nuclear retention of SMAD3 and identify crosstalk between FOXM1 and TGF-f3/SMAD?3 pathways. This study
highlights the critical interaction of FOXM1 and SMAD?3 for controlling TGF-f} signaling during metastasis.

Introduction

The TGF-f signaling pathway plays pivotal roles in diverse develop-
mental processes and the pathogenesis of many diseases, including
cancer (1, 2). The TGF-f signaling cascade is initiated by binding
of the TGF-f ligand to pairs of receptor serine/threonine kinases
known as type I and type II receptors. Upon binding of TGF-f3,
type II receptors phosphorylate and activate type I receptors. The
activated type I receptors phosphorylate intracellular effectors
SMAD2/SMAD3, which form a complex with SMAD#4 and then
shuttle to the nucleus (2). A key feature of TGF-f signaling activa-
tion is that the SMAD2 or SMAD3 proteins in activated SMAD4-
SMAD2/SMAD3 complexes in the nucleus bind other DNA-bind-
ing transcription factors as partners for target gene recognition
and transcriptional regulation (3, 4). Furthermore, it is generally
accepted that the formation of the SMAD2/SMAD4 or SMAD3/
SMAD4 complex is necessary for the nuclear retention of SMAD2
or SMAD?3 and thus for activation of TGF-f signaling (5-7).

The TGF-f signaling pathway, particularly regarding the tran-
scriptional activation of the SMADs comple, is tightly controlled
by specialized inhibitory factors. For example, in normal cells,
transcriptional intermediary factor 1y (TIF1y) controls SMAD2/
SMAD3 activity by regulating SMAD4 monoubiquitination, which
leads to the disassembly of the SMADs transcriptional complex and
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a forced exit of SMAD2/SMAD3 from the nucleus (8, 9). However,
in cancer cells, the SMADs transcriptional complex remains in the
nucleus. The molecular mechanisms regulating this maintenance
of the SMAD transcriptional complex remain elusive.

The major cause of death from cancer is due to metastasis, the
control or prevention of which remains a challenge in cancer
research. The TGF-f signaling pathway is aberrantly activated in
human cancers and plays a critical role in cancer progression and
metastasis in some tumor cells (2). For example, in breast cancer,
TGF-f stimulates proliferation, epithelial-mesenchymal transition
(EMT), invasion, and metastasis (4). Previous studies have reported
that inactivating germline alterations in SMAD3 and SMAD4 are
rare (10), whereas aberrant expression of SMAD3 and SMAD4 is
more common in breast cancer (10). Specifically, previous studies
have found that p-SMAD3 (an activated SMAD3) and SMAD4 were
expressed in 65% to 74.0% and 61.0% to 92% of all breast cancer
specimens, respectively (10-13), and that the expression of SMAD3
and SMADA4 is ubiquitous in human infiltrating ductal breast car-
cinomas (14). Moreover, SMAD3 and SMAD4 mRNA expression lev-
els were significantly elevated in human breast carcinomas relative
to levels in surrounding unaffected tissues (10). Furthermore, it has
been shown that the levels of SMAD?3 activation induced by TGF-§
in breast cancer are directly correlated with lymph node metastasis
or metastasis to other organ systems (13, 15).

Like TGF-B/SMAD3 signaling, the forkhead box M1 (FOXM1)
transcriptional factor is aberrantly activated in most human can-
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cers (16) and is a key regulator of cancer pathogenesis (17-19). Our
previous results have demonstrated that FOXM1 plays a critical
role in the tumorigenesis of brain tumor stem cells (20). In normal
breast tissue, FOXM1 expression is often absent or weaker than in
breast cancer, and FOXM1 may only be expressed in luminal epi-
thelial progenitors (21, 22). In breast cancer, the levels of FOXM1
correlate positively with the tumor grade (21, 23), which is associ-
ated with poor prognosis (24). However, the roles of FOXM1 in
promoting breast cancer metastasis and its underlying mechanism
have not been elucidated.

Given that both FOXM1 and TGF-3/SMAD3 are activated in
many cancers, including breast cancer, we investigated potential
crosstalk between these 2 intensively studied oncogenic pathways.
We explored the possibility that FOXM1 is a key component in
regulating nuclear retention of the SMAD3/SMAD4 complex in
TGF-B signaling and determined the biological consequences of
FOXM1-SMAD3/SMAD4 interaction in breast cancer metastasis.

Results

FOXM1 regulates TGF-B/SMAD3-induced transcriptional activity and
gene expression. First, we examined FOXM1 expression in a panel of
human and mouse breast cancer cell lines. We found that the meta-
static breast cancer cell lines expressed higher levels of FOXM1 than
the nonmetastatic breast cancer cell lines (Figure 1A) and FOXM1B
was the predominant isoform expressed in the human breast can-
cer cell lines (Supplemental Figure 1A; supplemental material avail-
able online with this article; doi:10.1172/JCI71104DS1). Next, we
investigated whether FOXM1 modulates TGF-f signaling, as it is
well known that TGF-f signaling has a pivotal role in breast can-
cer metastasis (4). Also, the expression level of nuclear SMAD3,
a key signaling molecule for TGF- signaling, is positively cor-
related with the expression level of nuclear FOXM1 in the above
breast cancer cell lines (Figure 1A), although the expression levels
of FOXM1, total SMAD3, and SMAD4 are not correlated (Supple-
mental Figure 1B). We produced FOXM1 overexpression in 4T07
and BT-474 cells by transfection of FOXM1 expression plasmid
into the cell lines and established 2 stable FOXM1 transfectants
from each cell line (Figure 1B). We stably knocked down FOXM1
in 4T1 and MDA-MB-231 cells by using 2 different shRNAs tar-
geting FOXM1 (Figure 1B). Then, the effect of altered expression
of FOXM1 on TGF-f1 target genes was examined in the above
cells. Altered expression of FOXM1 did not change the expression
levels of SMAD3 and SMAD4 (Supplemental Figure 1C). How-
ever, knockdown of FOXM1 in MDA-MB-231 cells inhibited the
TGF-B1-induced expression of PAI-1, JunB, and Smurfl, the pro-
totypic TGF- signaling target genes (Figure 1C), whereas over-
expression of FOXM1 in 4T07 and BT-474 cells increased the
TGF-B1-induced expression of these genes (Supplemental Fig-
ure 1D). Moreover, deletion of FOXM1 in immortalized Foxm 1/
mouse embryonic fibroblasts (MEFs) abolished these multiple
TGF-p1-induced gene responses (Figure 1D). These results suggest
that FOXM1 enhances TGF-B-induced gene expression.

As SMAD2 and SMAD3 are major moderators for TGF-f signal-
ing, we tested the role of FOXM1 in SMAD2/SMAD3-mediated
transcriptional activity. Knockdown of FOXM1 by shFOXM1 in
MDA-MB-231 cells resulted in a decrease in the activity of SBE4-Luc,
a SMAD3-specific luciferase reporter construct (Figure 1E). Reex-
pression of FOXM1 by using shRNA-resistant FOXM1 (FOXM1-
shR) rescued the inhibitory effect of FOXM1 shRNA on SBE4-
Luc activity (Figure 1E), suggesting a specific FOXM1 function
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in TGF-B1/SMAD3 signaling. Similar results were also observed
in FOXM1 gene deletion cells. Deletion of FOXM1 in Foxm 1%
MEFs abolished the effect of TGF-B1 on activation of SBE4-Luc,
whereas reexpression of FOXM1 rescued the inhibitory effect of
FOXM1 deletion in SBE4-Luc activity (Figure 1F). In addition,
increased FOXM1 expression did not enhance the activity of ARE-
Luc, a TGF-B1-responsive but SMAD2-specific luciferase reporter
(Supplemental Figure 1E), suggesting that the role for FOXM1 in
TGF-f signaling is specifically through the regulation of SMAD3.

Next, the mechanisms by which FOXM1 regulates TGF-f signal-
ing were investigated in HaCaT cells, a TGF-B1-sensitive cell line
widely used for TGF-f research. TGF-f1 induced the expression
of PAI-1 in HaCaT cells (Figure 1G). Overexpression of FOXM1
resulted in the upregulation of TGF-B1-induced PAI-1 expression
but did not affect total levels of SMAD3 or TGF-f1 type I and II
receptors (TPRI and TPRRII) (Figure 1G). Also, overexpression of
FOXM1 did not affect the PPM1A-mediated dephosphorylation of
activated SMAD?3 (6), which was phosphorylated by a constitutively
active mutant form of TRRI (ALKS-T202D) (Supplemental Figure
1F). These results suggest that FOXM1 takes action after SMAD3
activation and before SMAD?3 inactivation by dephosphorylation.

We further examined the effect of FOXM1 on the expression
of endogenous TGF-B1-dependent genes. TGF-B1 induced the
expression of mRNAs for PAI-1 and SMAD?, the prototypic TGF-31
signaling target genes, and overexpression of FOXM1 enhanced
this effect (Figure 1, H and I). These results indicate that FOXM1
regulates TGF-B1/SMAD3-mediated transcription.

FOXM1 directly interacts with SMAD3. We examined whether FOXM1
regulates TGF-} signaling via a direct interaction with SMAD3. In
293T cells cotransfected with a HA-tagged FOXM1 expression vec-
tor and various Flag-tagged SMAD expression vectors, FOXM1
was coprecipitated with SMAD3, but not with SMAD1, SMAD2,
SMAD4, SMADS, or SMADG (Figure 2A). Also, the in vitro interac-
tions between FOXM1 and SMAD3 were analyzed using recombinant
GST-SMAD3 and His-FOXM1. In a GST pulldown assay, purified
His-FOXM1 bound to GST-SMAD3 but not to the GST control (Fig-
ure 2B), indicating a direct interaction between SMAD3 and FOXM1.

By using SMAD3 deletion mutants, we found that the interaction
between SMAD3 and FOXM1 was mediated by the MH2 domain
of SMAD3 (Figure 2C). Deletion of the C terminal did not change
the binding affinity of FOXM1 for SMAD3, but deletion of the N
terminus abolished this binding (Figure 2D). Thus, the N-terminal
domain of FOXM1 mediates its interaction with SMAD3.

In addition to the above transfection experiments, we also deter-
mined the interaction of endogenous FOXM1 and SMAD3 at the
physiological level. As shown in Figure 2E, endogenous FOXM1
associated with SMAD3 in HaCaT cells, as shown by coimmuno-
precipitation assay, and this association was increased in response
to TGF-B1 treatment (Figure 2E). The interaction between endog-
enous FOXM1 and SMAD3 was also detected in both 4T07 and
4T1 breast cancer cells, and the association was increased with
overexpression of FOXM1 but decreased with knockdown of
FOXM1 (Supplemental Figure 2).

FOXM1 increases SMAD3 nuclear retention through maintenance of the
SMAD3/SMAD4 complex. Nuclear localization of SMAD3 and its
direct binding to target gene promoters are necessary for TGF-f1
signaling. To understand the molecular mechanism of FOXM1 reg-
ulation on SMAD3 activity, we first determined whether FOXM1
might modify the nuclear translocation of SMAD3. The location
of SMAD3 in the cytoplasmic and nuclear fractions of TGF-f1-
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Figure 1

FOXM1 regulates TGF-/SMAD3-induced transcriptional activity and gene expression. (A) Western blotting of nuclear SMAD3 and FOXMH1
proteins in 7 cell lines. (B) FOXM1 protein expression was analyzed by immunoblotting. (C) MDA-MB-231 cells stably expressing control shRNA
or FOXM1 shRNA were incubated with or without TGF-1 (5 ng/ml) for 2 hours. (D) Foxm1%# MEFs were transduced with 500 MOI of Adeno-Cre
virus to delete FOXM1. Both the Cre-transduced MEFs (Foxm1--) and control virus—transduced MEFs (Foxm1%%) were then treated with TGF-31
(5 ng/ml) for 2 hours. (E) Luciferase activity was measured 48 hours after incubation of cells with or without TGF-f1 (5 ng/ml) for 20 hours by the
dual luciferase assay. Values are mean + SD for triplicate samples. RLA, relative luciferase activity. (F) Deletion of Foxm1 abolished SMAD3-
activated transcription activity. (G) HaCaT cells were transfected with empty vector or the Flag-FOXM1 vector, treated with TGF-$1, and analyzed
by immunoblotting using appropriate antibodies as indicated. (H and I) FOXM1 enhanced TGF-f1-induced PA/-1 and SMAD? gene expression
by gRT-PCR. HaCaT cells transfected with control vector or Flag-FOXM1 in the presence or absence of TGF-f31 (5 ng/ml) for 2 hours.

treated HaCaT cells or 4T07 breast cancer cells was examined in the
presence of TBRI inhibitor SB431542, which blocks newly formed
SMAD3 phosphorylation and nuclear translocation. By using
Western blotting in HaCaT cells and immunofluorescence stain-
ing in 4T07 cells, we found that TGF-B1 treatment significantly
increased the nuclear localization of SMAD3 (Figure 3, A and B).
SB431542 treatment increased the level of cytoplasmic SMAD3
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and decreased the level of nuclear SMAD?3 in control cells (Figure 3,
A and B). In contrast, overexpression of FOXM1 enhanced the
nuclear localization of SMAD3 (Figure 3, A and B).

To further confirm that FOXM1 increases SMAD3 nuclear
retention, we carried out an interspecies heterokaryon assay by
fusing human HaCaT stable cells, expressing FOXM1 and trans-
fected with Flag-SMAD3, with mouse NIH3T3 cells. As shown
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Figure 2

FOXM1 interacts with SMAD3 directly. (A) Flag-SMADs and HA-FOXM1 were expressed in 293T cells. Each Flag-SMAD protein was immuno-
precipitated using an anti-Flag antibody. Asterisks indicate Flag-SMAD expression. (B) GST pulldown was performed using purified GST-SMAD3
and 6xHis-FOXM1, followed by immunoblotting with anti-FOXM1 and anti-SMAD3 antibodies. (C) The MH2 domain of SMAD3 was involved in the
interaction with FOXM1. Upper panel: Schematic illustration of SMADS3 deletion mutants. The numbers indicate the amino acid positions. Lower
panel: Flag-SMADS deletion mutants were coexpressed with HA-FOXM1 in 293T cells. Asterisks indicate full-length Flag-SMADS3 expression.
(D) The N-terminal domain of FOXM1 was involved in the interaction with SMAD3. Upper panel: schematic illustration of FOXM1 deletion mutants.
Lower panel: Flag-FOXM1 deletion mutants were coexpressed with HA-SMADS3 in 293T cells. The cells were subjected to immunoprecipitation
with an HA antibody. Asterisks indicate different fragments of Flag-FOXM1 expression. (E) Coimmunoprecipitation of endogenous FOXM1 with
SMADS3 in HaCaT cells. Cells were treated with or without TGF-31 (5 ng/ml) for 1 hour.

The Journal of Clinical Investigation  http://www.jci.org  Volume 124

Number2  February 2014 567



research article

A Control

Nuclear

- - ——

Cytoplasmic

SMAD3

TGF-p1 + TGF-p1 + TGF-p1 +
- SB431542 (4h) SB431542 (0h) -

SB431542 (0Oh)

TGF-p1 +
SB431542 (4h)

568

DAPI

TGF-p1 pretreatment

SB431542 (h)

SMAD3

Lamin B

GAPDH

SMAD3

GAPDH

Lamin B

Merged

The Journal of Clinical Investigation

jonuoeD

FAXO4

http://www.jci.org

g, G Control
__ 7] mFoxm1
)
o
=
26
£ 6
=]
kel
© 4
a 4
<
=
w
@ 21
]
©
=
=
0
0 0.5 1 2 4
Hours
C Control
100
o
L
£ 80
w
c
i)
£ 60
™
O
<
= 40
n
5
o 20
=
=
Control FOXM1
D_
O TGF-fi1 + SB431542 (0h)
W TGF-(i1 + SB431542 (4h)
[ Nuclear export
?100 M No nuclear export
2 80
o
= 60
g
S 40
2 20
5]
T o
Control  FOXM1
D shControl shFOXM1 shControl ShFOXM1
TGFp1 - + -  + - + -+
SMADs‘" -— | | — --|
GAPDH | | |
Lamin B ‘ | l-ﬂ--|
FOXM1 |+ : H-- |
Cytoplasmic Muclear
Volume 124 ~ Number2  February 2014

avins

e

Idvd

pabliajy



Figure 3

FOXM1 increases nuclear retention of SMADS. (A) FOXM1 increased
nuclear retention of SMAD3. HaCaT cells transfected with Flag-
FOXM1 were treated with TGF-$1 (5 ng/ml) for 30 minutes; cells were
washed 3 times to remove TGF-f1 and treated with SB431542 for up
to 4 hours. Cells were harvested at indicated times, and both the nucle-
ar and cytoplasmic fractions were collected. Values are mean + SD
from 2 experiments. (B) FOXM1 increased nuclear retention of
SMADS3. 4T07 control and FOXM1 overexpression cells were treated
with TGF-$1 (5 ng/ml) for 30 minutes; cells were washed 3 times to
remove TGF-f31 and treated with SB431542 for 4 hours. Intensity of
nuclear SMAD3 among these cells was quantified using NIH ImageJ
software. The percentages of nuclear SMAD3 level shown at the right
represent the mean of 3 independent experiments, and error bars
indicate the SEM. Scale bars: 20 um. (C) SMAD3 nuclear export as
determined by a heterokaryon assay. HaCaT stable cells expressing
FOXM1 were transfected with Flag-SMAD3 plasmids, and the cells
were fused with murine NIH 3T3 cells. NIH 3T3 nuclei that are eas-
ily distinguished by the presence of brightly stained blocks in heter-
orkaryons are marked by arrows. Scale bars: 10 um. Relocalization
of SMAD3 to the mouse nucleus was rarely seen in heterokaryons
expressing FOXM1, as shown with the percentages of heterokaryons
in right panel. (D) Knockdown of FOXM1 reduced the level of nuclear
SMAD3. MDA-MB-231 cells stably expressing shControl or shFOXM1
were treated with TGF-B1 (5 ng/ml) for 1 hour.

in Figure 3C, we detected the relocalization of SMAD3 from the
human nucleus to the mouse cell nucleus in a significant portion
of heterokaryons in the control group. In contrast, in the major-
ity of heterokaryons overexpressing FOXM1, SMAD3 remained
in the human nucleus, suggesting that FOXM1 increases SMAD3
nuclear retention (Figure 3C).

FOXM 1-controlled SMAD3 nuclear retention was also observed
in breast cancer cells. In untreated MDA-MB-231 cells, SMAD3 was
localized both in the cytoplasm and nucleus. TGF-B1 treatment sig-
nificantly increased the nuclear localization of SMAD?3 in these cells
(Figure 3D). In contrast, knockdown of FOXM1 in MDA-MB-231
cells reduced the nuclear local-
ization of SMAD3 (Figure 3D).

research article

SMAD4 complex is necessary for the nuclear retention of SMAD3
(5). Interestingly, we found that FOXM1 coexisted with SMAD3
and SMAD4 as a ternary complex and that the ternary complex
formation was remarkably increased upon the TGF-f signal-
ing activation mediated by ALK5-T202D (Figure 4A). Moreover,
overexpression of FOXM1 significantly increased the level of the
SMAD3/SMAD4 complex induced by ALKS-T202D (Figure 4B).

FOXM1 is required for formation of the nuclear SMAD3/SMAD4
complex. To further determine whether FOXM1 is indispensable
for formation of the nuclear SMAD3/SMAD4 complex, we used
FOXM1 knockdown or knockout cells. Knockdown of FOXM1
decreased the level of the SMAD3/SMAD4 complex induced by
TGF-Bf1 in MDA-MB-231 cells (Figure SA). Also, as visualized
by immunofluorescence, SMAD3 and SMAD4 were colocalized
in the nucleus when induced by TGF-f1 in MDA-MB-231 cells,
whereas knockdown of FOXM1 reduced their nuclear colocal-
ization (Figure 5B), confirming that FOXM1 is essential for the
sustained activation of the SMAD3/SMAD4 complex. Moreover,
the SMAD3/SMAD4 complex formation was increased with over-
expression of FOXM1 but decreased with knockdown of FOXM1
in both 4T07 and 4T1 breast cancer cells (Supplemental Figure 2).
Furthermore, deletion of FOXM1 in Foxm1//ff MEFs virtually
abolished TGF-p1-induced complex formation (Figure 5C) and
SMAD3/SMAD4 nuclear colocalization (Figure 5D), further
confirming that FOXM1 is required for formation of the nuclear
SMAD3/SMAD4 complex.

FOXM1 attenuates the inbibitory effects of TIF1y on TGF- signaling. To
further explore the detailed mechanism(s) of how FOXM1 controls
the duration of the SMAD3/SMAD4 complex conformation, we
tested whether FOXM1 inhibits the function of nuclear corepres-
sors that disrupt the SMAD3/SMAD4 complex in the nucleus, and
hence the SMAD3-mediated transcription; the effects of SnoN/Ski
(25), TGIF (26), and TIF1y (9) were analyzed for this purpose. We
found that these repressors exhibited robust inhibition on TGF-B1-
mediated responses in both 4T07 (Figure 6A) and HaCaT cells (Sup-
plemental Figure 3A). However, overexpression of FOXM1 reduced
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the formation of the SMAD3/
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FOXM1 sustains the SMAD3/SMAD4 complex. (A) SMAD3, SMAD4, and FOXM1 formed a ternary complex.
The indicated plasmids were cotransfected into 293T cells. The ternary complex was detected by sequential
immunoprecipitation with Flag and HA beads, followed by immunoblot with the Myc antibody. (B) FOXM1
increased formation of the SMAD3/SMAD4 complex. 293T cells were transfected with the indicated plasmids.
The amount of SMAD4 bound to SMAD3 was detected by immunoblot with an anti-Myc antibody (top).
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Figure 5

FOXM1 is required for formation of the
nuclear SMAD3/SMAD4 complex. (A)
FOXM1 knockdown blocked formation
of the SMAD3/SMAD4 complex. MDA-
MB-231 shControl or shFOXM1 cells
were treated with TGF-1 (5 ng/ml) for
1 hour before immunoprecipitation of
SMAD3. The amount of SMAD4 bound
to SMAD3 was detected by immunoblot
using an anti-SMAD4 antibody. (B)
MDA-MB-231 shControl or shFOXM1
cells were treated with TGF-$31 for 1 hour.
The cells were stained with an anti-
SMADS3 or anti-SMAD4 antibody and
then by a rhodamine-conjugated anti-
mouse secondary antibody (red, for
SMAD4) or a FITC-conjugated anti-
rabbit secondary antibody (green, for
SMADS3), and the nuclei were visual-
ized with DAPI (blue). Scale bar: 20 um.
Results are indicated at bottom as the
percentage of cells showing mostly cyto-
plasmic or mostly nuclear fluorescence
or both. (C) FOXM1 deficiency inhib-
ited formation of the SMAD3/SMAD4
complex. Foxm1%f or Foxm1-- MEFs
were treated with TGF-$1 (5 ng/ml) for
1 hour. Then the immunoprecipitation
of SMAD3 and the immunoblots of
SMAD3 and SMAD4 were conducted
as described for panel A. (D) Foxm1
or Foxm1-- MEFs were treated with
TGF-p1 for 1 hour. Scale bar: 20 um.

One of the major mechanisms underlying the inhibitory effect of
TIF1y on TGF-f signaling is through the acceleration of SMAD4
monoubiquitination (9). SMAD4 monoubiquitination leads to the
dissociation of the SMAD3 and SMAD4 complex and hence the
termination of SMADs’ complex activity. We found that FOXM1
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FOXM1 attenuates the inhibitory effects of TIF1y on TGF-f signaling. (A) FOXM1 attenuated the inhibitory effect of TIF1y on SMAD3-activated
transcription. 4T07 control () and FOXM1 overexpression (+) cells were transfected with the indicated plasmids, and then treated with TGF-f31
(5 ng/ml) for 20 hours before being harvested for luciferase assay. (B) FOXM1 relieved the inhibitory effect of TIF1y on formation of the SMAD3/
SMAD4 complex. 4T07 control (=) and FOXM1 overexpression (+) cells were transfected with plasmids encoding TIF1y expression constructs.
The cells were harvested 48 hours after treatment with TGF-$1 (5 ng/ml) for 2 hours. (C) FOXM1 impaired the exogenous association of SMAD4
with TIF1y. 293T cells were transfected with the indicated plasmids. 48 hours after transfection, cells were harvested for coimmunoprecipitation
after incubation with TGF-f1 (5 ng/ml) for 16 hours. (D) FOXM1 inhibited TIF1y-mediated SMAD4 monoubiquitination (Mono-Ub). 293T cells were
transfected with the indicated plasmids. Experiments were performed as described for C.

overexpression impaired the TGF-B1-induced association of exog-
enous and endogenous SMAD4 with TIF1y in 293T and breast
cancer 4T07 cells, respectively (Figure 6C and Supplemental Figure
3C). The monoubiquitination of SMAD4 was drastically increased
by TIF1y; however, this TIF1y effect was reduced by FOXM1 in both
cell lines (Figure 6D and Supplemental Figure 3D).

Next, we found that FOXM1 does not bind to SMAD4 direct-
ly but instead formed a complex with SMAD3/SMAD4 (Figure
4A), suggesting that FOXM1 modulates TIF1y action through
SMAD3. Previous studies have shown that TIF1y can interact with
phosphorylated SMAD2/SMAD?3 (27) and that TIF1y monou-
biquitinates SMAD4 within the SMAD3/SMAD4 complex with a
greater efficiency than free-SMAD4 (8). Thus, we tested whether
SMAD?3 is critical for the TIF1y interaction with SMAD4. Indeed,
knockdown of SMAD3 significantly decreased the interaction
between TIF1y and SMAD4 in 293T and 4T-07 cells (Figure 7A
and Supplemental Figure 3E).

Next, we tested whether FOXM1 competes with TIF1y to bind
to SMAD3. FOXM1 overexpression blocked the endogenous as
well as the exogenous TIF1y-SMAD3 interaction (Figure 7B and
Supplemental Figure 3, F and G). Moreover, overexpression of the
N terminus of FOXM1, the domain binding to SMAD3, abolished
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the effects of FOXM1 on the SMAD3/SMAD4 complex formation
and on SMAD4 monoubiquitination in BT-474 and 4T07 cells
(Figure 7C and Supplemental Figure 3D). This is probably because
the N terminus of FOXM1, which can bind to SMAD3 but can-
not prevent TIF1y from binding to SMAD3 (Supplemental Figure
3H), competes with FOXM1 for binding with SMAD?3 (Figure 7C).
In addition, overexpression of the N-terminal domain of FOXM1
blocked the transcriptional activation of TGF-f1-responsive
genes mediated by FOXM1 overexpression in BT-474 and 4T07
cells (Supplemental Figure 1D). Together, the above data indicat-
ed that SMAD3 modulated the interaction of TIF1y with SMAD4
and that FOXM1 competitively inhibited the binding of TIF1y to
SMAD3. As a result, FOXM1 interacts with SMAD3 to interfere
with the SMAD3/TIF1y interaction, causing reduced SMAD4/
TIF1y binding and hence monoubiquitination of SMAD4 to
increase the duration of the SMAD3/SMAD4 complex.

TGF-B1 induces recruitment of the SMAD3/SMAD4 complex to the
SLUG promoter, and knockdown of FOXM1 blocks binding of the SMAD3/
SMAD4 complex to the SLUG promoter. It is well known that SLUG
is induced in response to TGF-B1 and has an important role in
programming cells toward the metastatic phenotype in breast can-
cer (28-30). Moreover, SLUG has been reported to be required for
Number 2 571
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cell invasion in human breast cancer cells (29, 30). Furthermore,
we found that the level of SLUG expression is correlated with the
level of FOXM1 expression but not with the level of TIF1y in breast
cancer cell lines (Supplemental Figure 1B). Therefore, we hypoth-
esized that FOXMI1 regulates the expression of SLUG by regulat-
ing SMAD3 activity. We found that the human SLUG promoter
contains 5 putative SMAD3-binding elements in 3 regions. Anti-
body-specific ChIP was used to determine that the region (-416 to
-453 bp) is able to bind to endogenous SMAD3 protein in MDA-
MB-231 shControl cells (Figure 8A). However, the other 2 regions
([-136 to -139 bp] and [-591 to -710 bp]) are incapable of binding
to SMAD3 (Supplemental Figure 4A). To determine the specific-
ity of the SMAD3-binding elements, we performed site-specific
mutagenesis within the CAGA boxes of region (-416 to -453 bp)
of the SLUG promoter luciferase reporter. We then transfected
these mutant luciferase reporters into MDA-MB-231 shControl
cells and compared their activity with that of the WT SLUG pro-
moter (Supplemental Figure 4B). Disruption of one or both of the
CAGA boxes significantly attenuated TGF-B-induced SLUG pro-
moter activity in the cells (Supplemental Figure 4B), indicating
that the response elements in this region are specific for transcrip-
tional activation of SLUG by TGF-f. Moreover, ChIP and re-ChIP
assays showed that TGF-f1 induced the binding of SMAD3 in the
SMAD3/SMAD4 complex to this SLUG promoter region in MDA-
MB-231 shControl cells (Figure 8A), indicating that the SLUG gene
is regulated by TGF-f-mediated activation of SMAD3/SMAD4. In
contrast, recruitment of SMAD3 and the SMAD3/SMAD4 com-
plex to the SLUG promoter region was decreased in MDA-MB-231
shFOXM1 cells (Figure 8A). Overexpression of FOXM1 increased
the binding ability of SMAD3 and the SMAD3/SMAD4 complex
to the SLUG promoter in BT-474 cells compared with control cells
(Supplemental Figure 4C). Further, TGF-B1 induced SLUG expres-
sion in MDA-MB-231 shControl cells, whereas induction of SLUG
expression by TGF-f1 was significantly impaired in MDA-MB-231
shFOXM1 cells (Figure 8B). Conversely, overexpression of FOXM1
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significantly increased the SLUG expression induced by TGF-f1 in
BT-474 cells (Supplemental Figure 4D), whereas knocking down
of SMAD3 suppressed the effect of FOXM1 in the cells (Supple-
mental Figure 4D). Knocking down of SMAD?3 also abolished the
effect of FOXM1 on the SLUG expression induced by TGF-f1 in
4T07 cells (Supplemental Figure 4D). Collectively, these results
indicate that FOXM1 is important for the maintenance of the
SMAD3/SMAD4 complex in the promoter region of TGF-f1 tar-
get genes and for the induction of target gene expression.

FOXM1 regulates TGF-B—induced invasion by affecting TIF1y-mediated
inhibition of TGF-B signaling but not by FOXM1I’s direct transcriptional
property. Next, we examined whether FOXM1 has a role in TGF-f1-
induced invasion of breast cancer cells because TGF-$/SMAD
signaling is one of the major pathways that regulate invasion in
breast cancer (4). Overexpression of FOXM1 increased the TGF-f31-
induced invasion of 4T07 and BT-474 cells relative to control cells
(Figure 8C). To ascertain that the effect of FOXM1 on the TGF-f1-
induced invasion is largely dependent on SMAD3, we used breast
cancer cells that overexpress FOXM1 but are deficient in SMAD3.
Overexpression of FOXM1 promoted the TGF-f1-induced invasion
in 4T07 cells (Figure 8D). In contrast, knockdown of SMAD3 abol-
ished the effect of FOXM1 overexpression on the TGF-f1-induced
invasion in 4T07 cells (Figure 8D). These results indicate that
FOXMT’s effect on TGF-B1-induced invasion depends on SMAD3.

Conversely, knockdown of FOXM1 in 4T1 and MDA-MB-231
decreased the TGF-f1-induced invasive ability of these cells rela-
tive to control cells (Figure 8E). These results indicate that FOXM1
is required for the TGF-p-induced invasive ability of breast can-
cer cells. The inhibitory effect of sShFOXM1 on invasion of MDA-
MB-231 cells was rescued by shRNA-resistant FOXM1 or by shRNA-
resistant FOXM1 R286A/H287A mutant, which is incapable of
DNA binding and thus does not bind to FOXM1 response ele-
ments (Figure 8F). This finding indicates that the effect of FOXM1
on TGF-B1-induced responses depends on the interaction of
FOXM1 with SMAD3 but not on FOXM1’s direct transcriptional
Volume 124
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Figure 8

FOXM1 regulates TGF-p—induced invasion by affecting TIF1y-mediated inhibition of TGF-f signaling but not by FOXM1’s direct transcriptional
property. (A) Upper panel: diagram showing the putative SMAD3-binding elements in the 1,000-bp genomic DNA sequence of the SLUG pro-
moter. Lower panel: knockdown of FOXM1 blocked the binding of SMAD3 or SMAD3/SMAD4 complex to the SLUG promoter. ChIP and re-ChIP
assays were performed in MDA-MB-231 shControl or shFOXM1 cells that were incubated with or without TGF-$1 (5 ng/ml) for 24 hours. (B)
Knockdown of FOXM1 inhibited expression of SLUG induced by TGF-1 in MDA-MB-231 shControl or shFOXM1 cells. (C) 4T07 and BT-474
control and FOXM1 overexpression cells were subjected to in vitro invasion assay with or without TGF-p1 (5 ng/ml) for 16 hours. Each column
indicates the mean (+ SD) results of 2 independent experiments. **P < 0.01. (D) Left, 4T07-FOXM1-1 cells were transduced with shControl
or shSMADS3 viruses. Right, 4T07-FOXM1-1 shControl and shSMAD3 cells were subjected to in vitro invasion assay with or without TGF-f31.
***P < 0.001. (E) 4T1 and MDA-MB-231 shControl and shFOXM1 cells were subjected to in vitro invasion assay with or without TGF-f1 (5 ng/ml).
***P < 0.001. (F) MDA-MB-231 shFOXM1 cells were transduced with control or shRNA-resistant FOXM1 (FOXM1-shR) or its mutant shRNA-
resistant R286A/H287A (R286A/H287A-shR) viruses. **P < 0.01. (G) MDA-MB-231 shFOXM1 cells were transfected with siControl or siTIF1y.
**P < 0.01. (H) MDA-MB-231 shFOXM1 cells were transfected with control or the SMAD4 K519R mutant. ***P < 0.001. (I) MDA-MB-231 shFOXM1
cells were transfected with control or the SLUG expression vector. ***P < 0.001.
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Table 1
Knockdown of FOXM1 inhibits lung metastasis formation in vivo

Cell line Incidence Mean (range)
4T1-WT 5/5 71.6 (18-135)
4T1-shControl 5/5 94 6 (16-168)
4T1-shFOXM1-1 1/5 8 (0-4)A
4T1-shFOXM1-2 3/5 16 2 (0-63)8
MDA-MB-231-WT 5/5 83.0 (47-150)
MDA-MB-231-shControl 5/5 62 0 (17-101)
MDA-MB-231-shFOXM1-1 3/5 4 (0-40)A
MDA-MB-231-shFOXM1-2 3/5 .8 (0-10)A

Results are expressed as mean number and range of lung metastatic
nodules. Incidence indicates the number of mice with lung metastases
divided by the total number of mice injected with tumor cells. Results
shown are for 1 representative experiment of 2. AP < 0.01; BP < 0.05
vs. WT groups.

property. On the other hand, depletion of FOXM1 in MDA-
MB-231 cells substantially decreased TGF-f1-induced invasion
(Figure 8E). The inhibitory effect of shFOXM1 on MDA-MB-231
cell invasion was rescued by knockdown of TIF1y (Figure 8G)
and by the SMAD4 KS19R mutant (Figure 8H). Mutation of
K519R in SMAD4 resulted in a nonubiquitinated form of SMADA4,
which cannot be monoubiquitinated by TIF1y (9), and hence its
activation is no longer dependent on FOXM1, indicating that
FOXM1 facilitates TGF-f1-induced invasion by attenuating the
inhibitory effect of TIF1y.

We then investigated whether SMADA4 is required for invasion of
breast cancer cells, since FOXM1 affects TIF1y-mediated SMAD4
monoubiquitination. Depletion of SMAD4 in MDA-MB-231
and 4T1 cells, which express high levels of FOXM1, substantially
decreased the TGF-B1-induced invasion (Supplemental Figure 4,
E and F). To further test that the effect of FOXM1 on the TGF-f1-
induced invasion depends on SMAD4, we used breast cancer cells
that overexpress FOXM1 but are deficient in SMAD4. Overexpres-
sion of FOXM1 promoted the TGF-f1-induced invasion in 4T07
and BT-474 cells, whereas knockdown of SMAD4 abolished the
effect of FOXM1 overexpression on the TGF-f1-induced inva-
sion (Supplemental Figure 4, G and H). These results indicate that
FOXMT’s effect on TGF-f1-induced invasion depends on SMAD4.

We found that the inhibitory effect of shFOXM1 on invasion
was rescued by a SLUG expression vector (Figure 8I), supporting
the notion that SLUG is a downstream effector of FOXM1 on cell
invasion. These findings were also observed in 4T1 cells (Supple-
mental Figure 4, I-K), suggesting that the above findings are not
limited to MDA-MD-231 cells. Collectively, these data indi-
cate that FOXM1 plays a crucial role in the regulation of
TGF-B1-induced invasion of breast cancer cells through
the TGF-f1-SMAD3/SMAD4-SLUG axis.

FOXM1/SMAD3 pathway promotes breast cancer metastasis.
Knockdown of FOXM1 in 4T1 cells significantly reduced
their metastatic ability; the parental or shControl cells

of MDA-MB-231 cells to metastasize to the lung in nude mice
was substantially inhibited by knockdown of FOXM1 (Table 1).
Thus, inhibition of FOXM1 suppressed metastasis formation by
otherwise highly malignant cancer cells. Moreover, we analyzed
the metastatic samples from the above animal experiments using
immunostaining for nuclear SMAD3 level with an antibody spe-
cific for phosphorylated SMAD3. The nuclear SMAD3 level was
decreased in lung metastatic lesions formed by shFOXM1 cells
relative to that seen in lung metastatic lesions formed by 4T1 and
MDA-MB-231 cells (Supplemental Figure 5, A and B), suggesting
that the level of nuclear SMAD3 is regulated by FOXM1 and is
related to the metastatic phenotype. Furthermore, we found that
the inhibitory effect of shFOXM1 on metastatic ability of 4T1
and MDA-MB-231 cells was rescued by shRNA-resistant FOXM1
R286A/H287A, which is incapable of DNA binding, indicat-
ing that the effect of FOXM1 on metastasis does not depend on
FOXM1’s direct transcriptional property in vivo (Table 2).

Conversely, 4T07 parental cells did not produce spontaneous
lung metastases when implanted into the mammary fat pads
of mice (Table 3). In contrast, FOXM1-transfected 4T07 cells
(FOXM1-1 and FOXM1-2) produced lung metastases in 70%
to 80% of the mice (Table 3). Furthermore, the level of nuclear
SMAD3 was highly elevated in lung metastatic lesions formed by
FOXM1-transfected 4T07 cells relative to the level in lung tissue
from the mice injected with 4T07 control cells (Supplemental Fig-
ure SC). Examination of the mouse livers revealed that FOXM1
also increased formation of liver metastases (Supplemental Figure
5D). Thus, overexpression of FOXM1 mediated metastasis forma-
tion by otherwise nonmetastatic cancer cells. These data indicated
that FOXM1 is responsible for the metastasis formation and for
the increase in nuclear SMAD3 seen in 4T07 cells.

To further ascertain whether the metastasis-promotion effect of
FOXM1 is largely dependent on SMAD3, we used breast cancer cells
that overexpress FOXM1 but are deficient in SMAD3. Overexpres-
sion of FOXM1 in 4T07 cells promoted lung metastases (Table 4).
However, SMAD3 knockdown in 4T07-FOXM!1 cells diminished
their metastatic ability (Table 4), indicating that metastatic pro-
motion by FOXM1 depends on SMAD3 in vivo. Together, the
above results demonstrate that FOXM1 signals through SMAD3
to promote the metastasis of breast cancer cells.

Expression of FOXM1 is correlated with p-SMAD3 and SLUG expression
and associated with metastasis in human breast cancers. We analyzed the
clinical relevance of FOXM1 in tumor progression and metastasis
by examining the expression levels of FOXM1, p-SMAD3, SMAD4,
TIF1y, and SLUG in 12 samples of normal breast tissue and in 36
paired samples of breast primary tumor and matched lymph node
metastases by immunohistochemical staining. Interestingly, the

Table 2
The shRNA-resistant R286A/H287A FOXM1 mutant rescues the
inhibitory effect of ShFOXM1 on metastases in vivo

formed lung metastases in 100% of the mice, with aver- Cell line Incidence Mea" (range)
ages of 71 and 94 visible metastases per mouse, respec- ﬂ}'snig);mrggggg/;’gg?g 'R 28//190 62 o Eg_l (2)23)/\
: -S -1+ -s —
“VEIY (szle i)f whereas SE‘FOXMZI(;(}/ anj ZB};O);M.I'Z MDA-MB-231-shFOXM1-1+Control vector 49 6 (0-36)
cells produced fung metastases in 205 and 6U7% Of MICe,  yna \p.031-shFOXM1-1+R286A/H287A-shR  9/10 56 0 (0-112)4

respectively, with averages of 0.8 and 16 visible metasta-
ses per mouse, respectively (Table 1). Similarly, the ability
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The lung metastases were analyzed. AP < 0.01 vs. control groups.
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Table 3
FOXM1 is responsible for lung metastasis formation in vivo

Cell line Incidence Mean (range)
4T07-WT 0/10 0(0)
4T07-Control 0/10 0(0)
4T07-FOXM1-1 8/10 27.8 (0-56)A
4T07-FOXM1-2 7110 43.2 (0-73)8

The lung metastases were analyzed. AP < 0.05; BP < 0.01 vs.
WT groups.

level of TIF1y expression was not associated with metastatic status
(Figure 9, A and B), although TIF1y expression was slightly lower
in tumor tissues than in normal breast tissues (Supplemental Fig-
ure 6A). In contrast, FOXM1 expression was significantly associ-
ated with metastasis (Figure 9, A and B), indicating that the level
of FOXM1, but not the level of TIF1y, is important for metastasis.
As for p-SMAD3 and SMAD4, 44% of the breast primary tumors
expressed p-SMAD3, but 86% of the metastases expressed p-SMAD?3,
and 89% of the breast primary tumors expressed SMAD4, but 94% of
the metastases expressed SMAD4. Moreover, the expression levels of
p-SMAD3 and nuclear SMAD4 were higher in the metastases than
in primary tumors (Supplemental Figure 6B). Notably, expression
of FOXM1, p-SMAD3, and the p-SMAD3 target gene SLUG was cor-
related to a significantly greater degree with breast cancer metastasis
than with primary breast cancer (Figure 9, A and B). Furthermore,
the expression levels of FOXM1 directly correlated with those of
p-SMAD3 and SLUG (Table 5). Together, our data underscore the
clinical relevance of FOXM1 in regulating activation of TGF-f3 sig-
naling in breast cancer metastasis.

Discussion

In this report, we demonstrate that the FOXM1-SMAD3 interac-
tion represents a critical mechanism for controlling TGF-f sig-
naling and breast cancer cell invasion and metastasis. FOXM1
sustains TGF-B-induced formation of the SMAD3/SMAD4 com-
plex and enhances SMAD3-mediated transcriptional activity in
breast cancer cells. TGF-f signaling is initiated by the induction
of SMAD3 phosphorylation, and phosphorylated SMAD3 forms
a complex with SMAD4 that is then translocated to nucleus. For
the termination of TGF-f signaling, as a feedback mechanism,
TGF-B/SMAD3 induces the binding of TIF1y to SMAD4, causing
the monoubiquitination of SMAD4 and hampering the ability of
SMAD4 to form a stable complex with activated SMAD3. In the
presence of FOXM1, SMAD3 interacts with FOXM1. This prevents
the interaction between TIF1y and SMAD3 and thus the monoubi-
quitination of SMAD4 by TIF1y, thereby sustaining the complex
of SMAD3/SMAD4 in the nucleus. Retention of SMAD3 in the
nucleus leads to increased TGF-B/SMAD3-mediated transcrip-
tional activity, target gene expression, and breast cancer metastasis
(Figure 9C). Conversely, knockdown of FOXM1 in breast cancer
cells impairs TGF-p-induced SMAD3/SMAD4 complex formation
and target gene expression, resulting in defects in cell invasion and
metastasis (Figure 9C). Genetic deletion of FOXM1 in MEF cells
also abolishes TGF-f-induced SMAD3/SMAD4 complex forma-
tion and transcriptional activity. This finding is underscored by
the important clinical observation that FOXM1 expression was
positively correlated with the level of p-SMAD3 and its down-
stream target SLUG in metastatic breast cancer, which may indi-
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cate the relevant molecular mechanism by which the p-SMAD3
signal is sustained during cancer progression and metastasis.

Tumor cells usually secrete abundant TGF-3, which promotes
invasion and metastasis (31). FOXM1 is also frequently aberrantly
activated in many human cancers, including breast cancer (17, 32).
Specific and diverse TGF-f functions depend on the SMADs as a
central node for the integration of TGF-f signaling with other sig-
naling pathways (1, 33). In the present study, we found that FOXM1
specifically interacts with SMAD3, which supports the recent
observations that SMAD3, but not SMAD2, is required for TGF--
induced metastasis in breast cancer (34). Our study demonstrates
that FOXM1 enhances the nuclear retention of SMAD3 by main-
taining the SMAD3/SMAD4 complex. Considering that FOXM1
primarily binds with SMAD3 in the nucleus, combined with our
finding that PPM1A-dephosphorylated SMAD?3 is not affected by
FOXM1, we reasoned that the role of FOXM1 in TGF-f signaling
is to act after SMAD3 activation and before SMAD3 inactivation by
dephosphorylation. These findings are consistent with the observa-
tion of a strong correlation between FOXM1 and p-SMAD?3 levels
in human breast cancer tissues because p-SMAD?3 is mainly located
in the nucleus. More importantly, they also provide a mechanism
for this observation in human breast cancer tissues. However, it
was reported that the expression of the TGF-} type II receptor in
lung vasculature in FOXM1 gene deletion embryos is reduced (35).
Future studies along this line will determine whether this is either
a cell type-specific or tumor-specific regulation or both.

TIF1y has been shown to be a tumor suppressor in the pancreas.
TIF1y expression was markedly downregulated in human pancre-
atic tumors, and inactivation of TIF1y was involved in the forma-
tion of cystic tumors of the pancreas (36). Whether the TIF1y gene
is downregulated in human breast cancers is unknown. Our results
indicate that although TIF1y expression was slightly lower in breast
cancer tissues than in normal breast tissues, the level of TIF1y
expression in the tissues was not associated with metastasis. In con-
trast, we found that FOXM1 expression was significantly associat-
ed with metastasis. Unexpectedly, we found that FOXM1 promoted
formation of the SMAD3/SMAD4 complex by antagonizing TIF1y
activity. This result is consistent with reports that TIF1y regulates
TGEF-f signaling by disrupting formation of the SMAD3/SMAD4
complex (8,9, 27). Moreover, several recent studies clearly show that
as a SMAD4 monoubiquitin ligase, TIF1y inhibits TGF-f} signaling
(8,9). Thus, we focused on whether FOXM1 affects the monoubig-
uitination of SMAD4 induced by TIF1y. Indeed, the TIF1y-induced
monoubiquitination of SMAD4 was decreased by FOXM1 expres-
sion in a dose-dependent manner. However, it has been shown that
TIF1y competes with SMAD4 for binding to SMAD2 and SMAD3
and forms TIF1y/SMAD2/SMAD3 complexes regulating SMAD4-
independent TGF-f responses (27, 37). TIF1y loss of function
inhibited pancreatic tumorigenesis in the absence of SMAD4 (38).

Table 4
SMAD3 knockdown in 4T07-FOXM1 cells diminishes the
FOXM1-induced metastasis in vivo

Cell line Incidence Mean (range)
4T07-FOXM1-1+shControl 8/10 32.6 (0-63)
4T07-FOXM1-1+shSMAD3 1/10 5.8 (0-20)A

The lung metastases were analyzed. AP < 0.01 vs. shControl groups.
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Figure 9

FOXM?1 expression significantly correlates with activated TGF-f signal-
ing in human breast cancer. (A) The expression of FOXM1, p-SMADS,
TIF1y, and SLUG in representative cases of primary breast tumors (P)
and matched lymph node metastasis tissue specimens (M). Original
maghnification, x400. Scale bars: 200 um. (B) Boxes indicate interquar-
tile range. Bars from each box extend to the largest and smallest obser-
vations. (C) In the working model of interaction of FOXM1 with SMAD3
and SMAD4, FOXM1 promotes metastasis via the TGF-$1 pathway.
Left: in the absence of FOXM1, TIF1y sets up a negative-feedback
mechanism to the TGF-$1 pathway by inducing monoubiquitination of
SMAD4 and thus disrupting formation of the SMAD3/SMAD4 complex.
Thus, SMADS is not retained in the nucleus, which decreases SLUG
expression and prevents metastasis. Right: in the presence of FOXM1,
FOXM1 interacts with SMAD3/SMAD4, which results in inhibition of
binding of TIF1y with SMAD4 and thus prevention of monoubiquitina-
tion of SMAD4 by TIF1y. Thus, p-SMADS is retained in the nucleus via
sustenance of the SMAD3/SMAD4 complex, which ultimately promotes
activation of SLUG transcription and metastasis.

Our study indicated that FOXM1 could compete with SMAD3 for
binding to TIF1y. It is of interest to investigate whether FOXM1
also regulates SMAD4-independent TGF-f responses during
tumor progression and whether it is organ specific.

It has been reported that FOXM1 enhances the metastatic poten-
tial of hepatocellular carcinomas. FOXM1b activates the Akt/
Snaill pathway and stimulates expression of stathmin, lysyl oxi-
dase, and other genes involved in metastasis of hepatocellular car-
cinoma (16). However, prior to this report, it was unknown whether
FOXMI1 promotes metastasis of breast cancer. Here, we have dem-
onstrated that FOXM1 promotes metastasis of breast cancer by
positively regulating TGF-f signaling. Because some reports have
indicated that SLUG, but not Snail, seems to be required for inva-
sion of human breast cancer cells (29, 30), in this study, we focused
on whether FOXM1 regulates the expression of SLUG. We found
that the SMAD3/SMAD4 complex was recruited to the SLUG
promoter upon treatment with TGF-f and that this recruitment
was decreased in FOXM1 knockdown cells. Deficiency of FOXM1
impaired the recruitment of the SMAD3/SMAD4 complex to the
SLUG promoter, the expression of SLUG, and cell invasiveness, and
SLUG restoration rescued the defect in cell invasiveness. Further, a
recent study showed that siRNA-mediated inhibition of FOXM1
prevented TGF-B-induced EMT in lung epithelial adenocarcinoma
A549 cells in vitro (39). It is of interest to investigate whether the
mechanism by which FOXM1 sustains the TGF-f-induced forma-
tion of the SMAD3/SMAD4 complex underlies the observation.

In summary, our findings indicate that FOXM1 interacts with
the transcription factor SMAD3 and promotes its functions and
therefore is critical for TGF-B-mediated gene expression, cell inva-
sion, and cancer metastasis. In recent years, many studies have
demonstrated the therapeutic antimetastatic potential of vari-
ous TGF-f antagonists (40). Our findings that overexpression of
FOXM1 promotes cancer cell invasion and metastasis, whereas its
deficiency restricts cancer metastasis, provide insights into mech-
anisms and strategies for therapeutic intervention of the TGF-f3
pathway and cancer metastasis.

Methods

Cell culture and transfection. HEK 293T, MDA-MB-231, BT-474 cells, and
immortalized FOXM1 conditional knockout Foxm 1/ MEFs were grown
in DMEM containing 10% FBS (HyClone). HaCaT cells were grown in
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MEM supplemented with 10% FBS. 4T07 and 4T1 cells were maintained
in DMEM/Ham’s F-12 medium supplemented with 10% FBS. Cells were
either transfected with FuGENE HD (Roche) or using X-tremeGENE
HP (Roche). For siRNA interference, cells were transfected using Lipo-
fectamine RNAIMAX (Invitrogen). For more information, see Supple-
mental Experimental Procedures.

Immunoprecipitation and immunoblotting analysis. For coommunoprecipita-
tion, cells were grown in 10-cm dishes and transfected with the appropriate
plasmids. Cell lysates were incubated with 2 ug of antibody on a rotator
overnight at 4°C. The protein-antibody-protein A/G agarose complexes
were prepared by adding 50 wl of protein A/G-agarose beads (Amersham
Biosciences) for 1 hour at 4°C. After extensive washing with RIPA lysis
buffer, the immunoprecipitated complexes were resuspended in reducing
sample buffer and boiled for 10 minutes. After centrifugation to pellet the
agarose beads, supernatants were subjected to SDS-PAGE and immuno-
blotting, as previously described (20). For more information, see Supple-
mental Experimental Procedures.

Promoter reporters and dual-luciferase assay. For TGF-B1-induced transcrip-
tional reporter assays, HaCaT cells, MDA-MB-231 cells, or Foxm 1% MEFs
were transfected with one of the SBE4-Luc, or ARE-Luc reporter plasmids.
Transfection efficiency was normalized by cotransfection with the pRL-TK
plasmid. Luciferase activity was measured using a Dual Luciferase Assay
System (Promega) as described previously (20).

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR analysis of
the SMAD7 and PAI-1 genes was performed using total RNA and the SYBR
green reagent with an ABI Prism 7000HT sequence detection system. The
sequences of the PCR primers were as follows: SMAD7 forward, 5'-CCCCAT-
CACCTTAGCCGACTCTGC-3'"; SMAD?7 reverse, 5'-CCCAGGGGCCAGATA-
ATTCGTTCC-3"; PAI1 forward, 5'-ATTCAAGCAGCTATGGGATTCAA-3';
PAI-1 reverse, 5'-CTGGACGAAGATCGCGTCTG-3'; GAPDH forward,
5'-AATCCCATCACCATCTTCCA-3'; and GAPDH reverse, 5'-TGGACTC-
CACGACGTACTCA-3". The results were determined using the Comparative
C. method with the housekeeping gene GAPDH as a control.

Immunofluorescence analysis. Cells were rinsed twice with PBS, fixed with
4% buffered paraformaldehyde, and permeabilized with 0.5% Triton X-100
for 15 minutes. Cells were then incubated with the primary antibody over-
night at 4°C and then with the secondary antibody conjugated to rhoda-
mine or FITC (Molecular Probes) for 1 hour at room temperature. Cells
were examined using a deconvolutional microscope (Zeiss).

Heterokaryon assay. HaCaT stable cells expressing FOXM1 were trans-
fected with Flag-SMAD3 plasmids. 24 hours later, the cells were replated
together with NIH 3T3 cells. After coculture overnight, 100 ug/ml cyclo-
heximide (Sigma-Aldrich) was added to the culture medium to block
protein synthesis. Then the cells were treated with TGF-B1 (5 ng/ml) for
1 hour. Cell fusion was induced by 50% PEG 1500 (Roche) treatment for
2 minutes. PEG solution was then removed completely, and cells were
washed 3 times with PBS followed by an additional 2 hours culture in
the presence of cycloheximide. Cells were then fixed and processed for

immunofluorescence analysis.

Table 5
The expression levels of FOXM1 correlate with those of p-SMAD3
and SLUG

Correlation p-SMAD3 SLUG
FOXM1 r=0.722 P<0.001 r=0.618 P<0.001
p-SMAD3 r=0.653 P<0.001

The correlations were significant as determined by Pearson correlation.
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In vivo ubiquitination assay. 293T cells were transfected with HA-ubiquitin
constructs together with the indicated plasmids. Forty-eight hours after
transfection, cells were harvested by sonication in ubiquitination-lysis buf-
fer (50 mM HEPES [pH 7.8], 200 mM NaCl, 5 mM EDTA, 1% NP40, 5%
glycerol, 1 mM dithiothreitol, protease inhibitor cocktail [Sigma-Aldrich]
and 250 ng/ml ubiquitin-aldehyde [CalBiochem]).

ChIP and re-ChIP assays. MDA-MB-231 or BT-474 cells (4 x 107) were
prepared with the ChIP assay kit (Cell Signaling Technology). The result-
ing precipitated DNA samples were analyzed by PCR to amplify a 200-bp
region of the SLUG promoter with the following primer pairs: 5'-TGC-
CACTTCCAAATATAGGCTCTCA-3' (sense) and S'-CTGGGACAGCTGT-
GAACAGA-3' (antisense). In the re-ChIP assay, the DNA complexes were
first immunoprecipitated using SMAD3 antibody and then eluted with
re-ChIP buffer and immunoprecipitated again using SMAD4 antibody.

In vitro Transwell invasion assay. Invasion assay was carried out in Transwell
chambers containing polycarbonate filters (8-um pore size; BD Bioscienc-
es), in which the upper surfaces of the filters in invasion chambers were
coated with a growth factor-reduced Matrigel matrix. Breast cancer cells
(3 x 10%) in a 500 ul volume of serum-free medium were placed in the upper
chambers and incubated at 37°C for 16 hours for invasion assay. The cells
that penetrated through Matrigel-coated filters were counted at a magni-
fication of x200 in 15 randomly selected fields, and the mean number of
cells per field was recorded. Each assay was performed on duplicate filters,
and the experiments were repeated twice.

Human tissue samples and immunohistochemical analysis. Tissue arrays of
normal human breast tissues, human breast primary carcinomas, and
matched metastases in lymph nodes (BRM961; US Biomax Inc.) were used
in this study. Immunohistochemical analyses were performed on the tis-
sue arrays by a standard immunostaining protocol as previously described
(20). Staining was scored by 2 investigators blinded to the clinical data,
using a 4-tiered system that incorporated the intensity of immunostaining
and the percentage of cells positive. The intensity of immunostaining was
scored as follows: negative, 0; weak, 1+; moderate, 2+; and intense, 3+. For
tumors that showed heterogeneous staining, the predominant pattern was
taken into account for scoring. The percentage of positive tumor cells and
the staining intensity were multiplied to produce a weighted score for each

case. The theoretical limits of the scores ranged from 0 (0% of cells stain-
ing) to 300 (100% of the cells staining at 3+ intensity).

In vivo model of metastases. Pathogen-free female BALB/c or nude mice
were purchased from the National Cancer Institute. MDA-MB-231 cells
(1 x 106 cells/mouse) were injected into the lateral tail vein of mice. 4T07
(1 x 105 cells/mouse) or 4T1 (5 x 103 cells/mouse) cells were injected into
the mammary fat pad of mice. The mice were killed when they were mori-
bund or on day 64 after tail vein injection or on day 25 after mammary fat
pad injection. The number of tumor nodules on the surface of each lung
or liver was counted using a dissecting microscope.

Statistics. The significance of the data from patient specimens was deter-
mined by the ? test or the Pearson correlation coefficient test. The sig-
nificance of the in vitro data and in vivo data was determined by Student’s
¢ test (2-tailed) and the Mann-Whitney test (2-tailed), respectively. P < 0.05
was considered to be significant.

Study approval. All mouse experiments were approved by the Institutional
Animal Care and Use Committee of The University of Texas M.D. Ander-
son Cancer Center.
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