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Emerging evidence suggests that the transcription factor Forkhead Box M1 (FoxM1) is associated with aggressive human

carcinomas, including breast cancer. Because elevated expression of FoxM1 has been observed in human breast cancers, FoxM1

has attracted much attention in recent years as a potential target for the prevention and/or therapeutic intervention in breast

cancer. However, no information is currently available regarding how downregulation of FoxM1 could be achieved for breast cancer

prevention and therapy. Here, we report for the first time that 3,30-diindolylmethane (DIM), a nontoxic dietary chemopreventive

agent could effectively downregulate FoxM1 in various breast cancer cell lines. Using gene transfection, real-time reverse

transcription-PCR, Western blotting, invasion and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays, we found

that DIM could enhance Taxotere-induced growth inhibition of breast cancer cells, and decreased invasive capacity of breast cancer

cells was observed after either treatment alone or the combination. These effects were associated with downregulation of FoxM1.

We also found that knock down of FoxM1 expression by small interfering RNA (siRNA) transfection increased DIM-induced cell

growth inhibition, whereas over-expression of FoxM1 by cDNA transfection attenuated DIM-induced cell growth inhibition,

suggesting the mechanistic role of FoxM1. Most importantly, the combination treatment significantly inhibited tumor growth in

severe combined immunodeficiency (SCID) mice, and the results were correlated with the downregulation of FoxM1 in tumor

remnants. We conclude that inactivation of FoxM1 and its target genes by DIM could enhance the therapeutic efficacy of Taxotere in

breast cancer, which could be a useful strategy for the prevention and/or treatment of breast cancer.

Breast cancer is the second leading cause of cancer death in
females, accounting for 15% of all female cancer deaths, thus
early diagnosis and prevention of this disease are urgently
needed to control the high incidence of breast cancer in our
society. According to cancer statistics 2010 and surveillance
epidemiology and end results, the 5-year survival rate of
locally confined breast cancer is nearly 98% but the 5-year
survival rate of metastatic breast cancer is just 23.4%, result-
ing in over 25,000 deaths annually.1,2 Thus, understanding
the mechanisms by which breast cancer develops, and design-
ing drug strategies by which the progression of breast cancer
could be prevented is of utmost importance.

FoxM1, an oncogenic transcription factor, has been found
in aggressive human breast cancer.3,4 It is believed that FoxM1
plays an important role in regulating the expression of genes
involved in cell proliferation, differentiation and transforma-
tion.4–6 Recent studies have also suggested that activation of
FoxM1 upregulates its downstream target genes, which con-
tribute to aggressive tumor growth, angiogenesis and invasion,
resulting in tumor progression.7 FoxM1 is overexpressed in
cancer cells and acts as an important regulator of cancer cell
growth and survival.4,8–10 It has been reported that FoxM1 is a
key cell cycle regulator of both the transition from G1 to S
phase and the progression to mitosis.11–13 Loss of FoxM1
expression generates mitotic spindle defects, delays cells in mi-
tosis and induces mitotic catastrophes.14 FoxM1 has also been
shown to regulate transcripts of cell cycle genes essential for
G1-S and G2-M progression, including p27 and p21.11,12,15

Because FoxM1 plays important roles in cellular developmen-
tal pathways, including proliferation and apoptosis, alterations
in FoxM1 expression are associated with tumorigenesis.16

These observations suggest that dysfunction of FoxM1 pre-
vents differentiation, ultimately guiding undifferentiated cells
toward malignant transformation. Furthermore, it has been
reported that the FoxM1 expression is frequently deregulated
in human malignancies with upregulated expression of FoxM1
in lung, glioblastomas, prostate, basal cell carcinomas, hepato-
cellular carcinoma, pancreatic cancer and primary breast
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cancer.4,5,9,16–18 These results suggest that FoxM1 plays an im-
portant role in the oncogenesis of several malignancies includ-
ing breast malignancy.

Elevated expression of FoxM1 has been noted in a variety
of aggressive human carcinomas including breast cancer,
suggesting that the FoxM1 is an attractive target for the pre-
vention and/or therapeutic intervention in breast cancer.19,20

No reports have been published regarding the role of chemo-
preventive agents in the regulation of FoxM1 in breast can-
cer. Previous studies have shown that a bioavailable, nontoxic
dietary chemopreventive agent DIM can inactivate Akt/
Nuclear factor-jB (NF-jB) signaling and induce apoptosis in
cancer cells.21–25 Other investigators have reported FoxM1
downregulation using drugs, namely antibiotic thiostrepton26

and epidermal growth factor receptor (EGFR) inhibitor gefiti-
nib.27 These observations clearly suggest the role of FoxM1
in the progression of breast cancer; however, the molecular
mechanism(s) by which FoxM1 contributes to the aggressive-
ness of breast cancer as well as the consequence of FoxM1
downregulation and the exact mechanism(s) have not been
fully elucidated. To fill this void in our understanding, we
investigated a novel molecular target, FoxM1, whose role in
breast cancer is not understood, and whether DIM, a non-
toxic dietary component, could inhibit this target in breast
cancer. We also tested whether FoxM1 is necessary for cell
survival by cDNA and siRNA approaches in DIM-treated
breast cancer cells. In addition, we investigated whether
downregulation of FoxM1 by DIM could inhibit its down-
stream target genes such as vascular endothelial growth factor
(VEGF) and matrix metalloproteinases (MMPs) that are
known to be important for multiple cellular processes in car-
cinogenesis.28,29 From our study, we conclude that the effect
of DIM may be mediated through the downregulation of
FoxM1 signaling, resulting in the inhibition of its down-
stream signaling, which could lead to chemosensitization of
breast cancer cells to chemotherapeutic agents such as Taxo-
tere. We believe that targeting FoxM1 by DIM will be a novel
approach for the treatment of breast cancer.

Material and Methods
Cell lines and experimental reagents

Breast cancer cell lines, MDA-MB-231, MCF-7, MDA-MB-468
and SKBR3 were obtained from ATCC (Manassas, VA). The
cell lines have been tested and authenticated in core facility
Applied Genomics Technology Center at Wayne State Univer-
sity. Primary antibodies for FoxM1, E2F1, cyclin-
dependent kinase 2 (CDK2), survivin, p21 and p27 were pur-
chased from Santa Cruz Biotechnology, and the monoclonal
antibody to b-actin was from Sigma-Aldrich (St. Louis, MO).
All secondary antibodies were obtained from Pierce. DIM was
generously provided by Dr. Michael Zeligs (BioResponse, CO)
and was dissolved in dimethyl sulfoxide (DMSO) to make a 50
mmol/L stock solution. Taxotere (Aventis Pharmaceuticals, NJ)
was dissolved in DMSO to make a 4-lM stock solution.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay

Breast cells were seeded in 96-well plates. After 24 hr, the cells
were treated with DIM (5, 10, 25, or 40 lM) followed by treat-
ment of Taxotere (0.5, 1.0, or 1.5 nM) for 24–72 hr. The cell
growth studies were performed by MTT as described earlier.21,23

Western blot analysis

Breast cancer cells were treated with DIM (25 or 40 lM)
followed by treatment with and without Taxotere (1.0 nM)
for 72 hr. Total proteins were fractionated using sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
electrotransferred, and probed with specific antibodies as
described earlier.21,23

Real-time reverse transcription-PCR (RT-PCR) analysis

The total RNA from transfected cells was isolated by TRIzol
(Invitrogen) according to the manufacturer’s protocols. One
microgram of total RNA from each sample was subjected to
first-strand cDNA synthesis using TaqMan reverse transcrip-
tion reagents kit (Applied Biosystems). RT reaction condi-
tions and primers used in this study were exactly the same as
described previously.30

Plasmids and transfection

Breast cancer cells were transfected with FoxM1 siRNA
(Santa Cruz) and FoxM1 cDNA (OriGene Technologies,
MD), respectively, using LipofectAMINE 2000.23,31 The trans-
fected cells were treated with 25 or 40 lM DIM for 48 hr or
72 hr. The growth of transfected cells with and without treat-
ments was measured by MTT assay.

VEGF and MMP-9 assay

Cells were seeded in six-well plates. After 24 hr of seeding,
cells were treated with DIM (25 or 40 lM) followed by Taxo-
tere (1.0 nM) treatment, and after another 24 hr, the culture
media were collected. The medium was centrifuged at 800g
for 3 min at 4�C to remove cell debris. The supernatant was
used for VEGF assay immediately using commercially avail-
able ELISA kits (R&D Systems). For the MMP-9 activity
assay, the cells in the plate were trypsinized, and the total
number of cells was determined by cell counting. The assay
was done using MMP-9 ELISA kits (R&D System) according
to the manufacturer’s instruction.

Invasion assay

The invasive activity breast cancer cells (5 � 104) followed
by DIM (25 or 40 lM)/Taxotere (1.0 nM) treatment was
tested using the BD BioCoat Tumor Invasion Assay System
(BD Biosciences).

Animal studies

Female homozygous ICR SCID mice, ages 4 weeks, were
used for our study. To initiate the xenografts, 5 � 106 MDA-
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MB-231 cells (in serum-free medium) were injected s.c. bilat-
erally in the flank areas of two SCID mice. Animals were
developed tumors and removed after euthanizing all animals.
Small pieces of tumors were then transplanted s.c. into right
and left flanks of a new group of SCID mice using 12-gauge
trocar. Animals were examined thrice per week for the devel-
opment of palpable tumors (usually in 2 weeks). Once palpa-
ble tumors developed (0.5 cm � 0.5 cm, 63 mg), animals
were randomly divided into four groups, 10 animals in each
group. Group I was assigned as control and received only
sesame seed oil without DIM, whereas Group II mice were
given DIM by oral gavage (3.5 mg/day/animal by oral ga-
vage). The mice from Group III received three doses of Taxo-
tere (5 mg/kg, i.v.) every 72 hr. Group IV was administered
DIM and was also treated with Taxotere. The mice in the
intervention groups were given DIM by oral gavage every
day for 3 weeks. Mice from all experimental groups were sac-
rificed 3 weeks after the start of all treatments. At that time,
the tumors were harvested from each animal and processed
for immunohistochemical staining and molecular analysis.
The volume of the tumor in each group was determined by
weekly caliper measurement according to the formula ab2/2,
wherein a is length and b is cross-sectional diameter.21,22,30

Immunohistochemistry

Tissue collection, fixation and immunohistochemical staining
were done according to the methods described earlier.21,22,30

Statistical analysis

The experimental results presented in the figures are repre-
sentative of three or more independent observations. The
data are presented as the mean values 6 SE. Comparisons
between groups were evaluated by Student’s t test. Values of
p < 0.05 were considered statistically significant.

Results
Cell growth inhibition by DIM and Taxotere treatment

We tested several doses of DIM and Taxotere at different
time points, and we found that treatment of breast cancer
cells with 25 lM DIM (Fig. 1a) or 1.0 nM Taxotere (Fig. 1b)
for 72 h caused 30–50% growth inhibition. However, a com-
bination of these doses of DIM and Taxotere resulted in 75–
90% growth inhibition (Fig. 1c), suggesting the greater inhibi-
tory effect of combination treatment. The highly aggressive,
MDA-MB-231 breast cancer cells were treated with 40 lM
DIM in combination with 1.0 nM Taxotere, which showed
78% inhibition of cell growth (Fig. 1c). These results show
that the combination of DIM, along with a lower dose of
Taxotere, elicited significantly greater inhibition of cancer cell
growth compared with either agent alone (Figs. 1a–1c).
Because inhibition of cell proliferation observed by MTT
assay could be due to altered regulation of several genes such
as FoxM1, we wanted to test the functional implication of
such downregulation of FoxM1 by DIM and, therefore, we

further investigated the expression of FoxM1 in breast cancer
cells followed by DIM treatment.

Downregulation of FoxM1 mRNA levels by DIM

The baseline expression of FoxM1 was determined in a panel
of human breast cancer cell lines (data not shown) and a
total of four cell lines, MDA-MB-231, MCF-7, SKBR3 and
MDA-MB-468 were chosen for the current study based on
their relative expression of FoxM1. First, we examined the
relative mRNA levels of FoxM1 in the selected cell lines
using real-time RT-PCR (Fig. 1d) and verified the results by
analyzing the relative expression of FoxM1 in these cell lines
by Western blot analysis (Fig. 1d). The first two cell lines
(MDA-MB-231 and MDA-MB-468) showed higher expres-
sion of FoxM1, whereas the other two cell lines (MCF-7 and
SKBR3) showed little or no detectable expression of FoxM1
(Fig. 1d). To determine whether FoxM1 could be an effective
therapeutic target for breast cancer cells, the ability of DIM,
Taxotere and combination to knock down FoxM1 mRNA
was confirmed by real-time RT-PCR (Figs. 1e–1h). We
observed that FoxM1 mRNA levels were significantly reduced
in DIM or Taxotere treated cells for 72 hr compared with
control cells, suggesting that DIM or Taxotere could inhibit
cell growth partly through the downregulation of FoxM1.

Downregulation of FoxM1 expression by siRNA followed by

DIM and Taxotere treatment

To study the functional relevance of DIM-mediated alteration
of FoxM1 expression in breast cancer cells, the effect of
FoxM1 siRNA on cell growth was examined in MDA-MB-
231 and MDA-MB-468 cells, which express high levels of en-
dogenous FoxM1. The cell viability was determined by MTT,
and the effect of FoxM1 siRNA on cell growth is shown in
Figure 2. We found that the downregulation of FoxM1
expression by siRNA transfection induced the cell growth in-
hibitory effect of DIM, Taxotere as well as the combination
in both the cell lines (Figs. 2a and 2b).

Overexpression of FoxM1 by cDNA transfection reduced

DIM and Taxotere-induced cell growth inhibition

To further confirm the role of FoxM1 in the growth of breast
cancer cells, we transfected FoxM1 cDNA in two breast can-
cer cell lines (MCF-7 and SKBR3) which both express very
low levels of FoxM1. We found that the overexpression of
FoxM1 in these cell lines resulted in a significant increase in
cell growth (Figs. 2c and 2d) compared to their parental cells.
Overexpression of FoxM1 was also found to minimize DIM
and Taxotere-induced cell growth inhibition. These results
provide evidence for a potential role of FoxM1 during DIM
enhanced Taxotere-induced cell growth inhibition in breast
cancer cells.

Effect of FoxM1 on cell cycle regulatory factors

In view of the known effects of FoxM1 on the cell
cycle,12,14,32 we examined the levels of a few cell cycle

C
an

ce
r
T
he
ra
py

Ahmad et al. 1783

Int. J. Cancer: 129, 1781–1791 (2011) VC 2010 UICC



Figure 1. FoxM1 expression and its effects on cell growth after DIM and Taxotere treatment. For single-agent treatment, breast cancer cells

were treated with DIM (5, 10, 25, or 40 lM), Taxotere (0.5, 1.0, or 1.5 nM) alone for 72 hr (a and b). For combination, breast cancer cells

were treated with 25 or 40 (MDA-MB-231 only) lM of DIM and then exposed to 1.0 nM of Taxotere for 72 hr (c). DIM in combination with

Taxotere significantly inhibited cell proliferation in all breast cancer cells (c) as measured by MTT assay. FoxM1 expression was evaluated

by real-time RT-PCR and Western blotting (d). FoxM1 mRNA levels were downregulated by DIM, followed by Taxotere treatment as measured

by real-time RT-PCR (e–h). Tax, Taxotere. b-actin protein was used as protein loading control for Western blot, whereas GAPDH was used as

internal control for the real-time RT-PCR analysis. The data was obtained from three individual experiments. *, p < 0.05; **, p < 0.01

relatively control.



regulatory factors in cell lines expressing FoxM1 and studied
the effects of downregulation of FoxM1. As seen in Figure 3
(upper left and right panel), the expression of CDK2 and
E2F transcription factor 1 (E2F1) was found to be decreased
upon FoxM1 downregulation, as determined by real time
RT-PCR. Further, downregulation of FoxM1 was also found
to result in an increase in the expression of CDK inhibitors
such as p27 and p21 (Fig. 3, lower left and right panel), sug-
gesting the mechanistic roles of these molecules during cell
cycle arrest by DIM and in combination with Taxotere. Our
data suggests that FoxM1 influences the cell cycle progression
by positively regulating the factors that favor cell cycle pro-
gression and also by negatively influencing the inhibitors of
cell cycle.

To further verify the regulation of gene expression at the
protein level by DIM and Taxotere treatment, we conducted
Western blot analysis only for selected genes that are crit-
ically important for the inhibition of cell growth and induc-
tion of apoptosis. Western blot analysis showed that the
expression of FoxM1 target genes involved in cell prolifera-
tion and survival, such as CDK2, E2F1 and survivin was
downregulated, and the expression of inhibitory p27 and
p21 was upregulated in DIM as well as Taxotere-treated

cells (Fig. 3b). These results suggest that DIM regulates the
transcription of genes involved in apoptosis and cell cycle
arrest, angiogenesis and tumor cell invasion.

Downregulation of FoxM1 decreased MMP-9 and VEGF

expression and their activities

FoxM1 is known to regulate the expression of MMP-9, which
plays a role in tumor cell invasion and metastatic processes
of breast cancer cells.29,33 Interestingly, MMP-9 expression is
elevated in the liver of FoxM1B transgenic mice.10 Therefore,
we investigated whether the downregulation of FoxM1 by
DIM could lead to a decrease in MMP-9 activity. We
observed a marked decrease in the activity of MMP-9 in all
breast cancer cells treated with DIM, followed by Taxotere
treatment (Fig. 4, upper panel). VEGF is another molecule
that is involved in tumor cell invasion and metastasis.28 It
has been reported that FoxM1 regulates VEGF signaling in
various cell types.28,34 To further explore whether DIM treat-
ment reduced VEGF activity, we examined the activity of
VEGF secreted in the culture medium. We found that down-
regulation of FoxM1 by DIM, followed by Taxotere treat-
ment, could lead to a decrease in the levels of VEGF secreted
in the culture medium (Fig. 4, lower panel). We also

Figure 2. Regulation of FoxM1 expression by siRNA or cDNA followed by DIM and Taxotere treatment. Downregulation of FoxM1 expression

by siRNA promotes DIM and Taxotere-induced cell growth inhibition in breast cancer cells (a and b). NS, Nonspecific. Overexpression of

FoxM1 by FoxM1 cDNA transfection abrogated DIM and Taxotere-induced cell growth inhibition in breast cancer cells (c and d). The

experiments were repeated thrice. *, p < 0.05; **, p < 0.01 relatively control.
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Figure 3. Effect of FoxM1 on cell cycle regulatory factors. The expression level of several known cell cycle regulatory factors, as measured

by real-time RT-PCR (a) and Western blotting (b) in all four breast cancer cells. C, Control; D, DIM [25 or 40 (MDA-MB-231) lM]; T, Taxotere

(1.0 nM); DþT, DIM þ Taxotere. The experiments were repeated thrice. *, p < 0.05; **, p < 0.01 relatively control.
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investigated the activity of MMP-9 and VEGF in FoxM1
siRNA and FoxM1cDNA transfected breast cancer cells
followed by DIM and Taxotere treatment, and we observed
significant downregulation by siRNA followed by DIM plus
Taxotere treatment, whereas cDNA transfection attenuated in
the expression of MMP-9 and VEGF (data not shown). These
results clearly suggest that tumor progression could be atte-
nuated by the downregulation of FoxM1.

Downregulation of FoxM1 decreased breast cancer

cell invasion

Because silencing of FoxM1 inhibited the expression and
activity of several factors that are critically involved in the
processes of tumor cell, invasion and metastasis,5,35 we tested
the effect of FoxM1 downregulation on cancer cell invasion
(Fig. 5). We found that downregulation of FoxM1 decreased
MDA-MB-231 and MDA-MB-468 breast cancer cell invasion
(Fig. 5). Moreover, as illustrated in Figure 5, DIM- or Taxo-
tere-treated cells showed a low level of penetration through
the Matrigel-coated membrane (invasion) compared with the
control cells. These results verify the functional implication
of downregulation of factors such as VEGF resulting from
FoxM1 silencing.

DIM enhances in vivo therapeutic efficacy of Taxotere

We found that DIM and Taxotere significantly inhibited
MDA-MB-231 tumor growth 40% and 65%, respectively
(Fig. 6a). DIM potentiated tumor growth inhibition induced
by Taxotere (80%), demonstrating an enhanced inhibitory
effect of DIM/Taxotere combination treatment on the in vivo
model of breast cancer (Fig. 6a). The expression of FoxM1
was significantly decreased in MDA-MB-231 tumors in SCID
mice receiving DIM, compared with the control (Fig. 6b).
Importantly, the combination of DIM and Taxotere showed a
greater degree of downregulation of FoxM1 (Fig. 6b). To
explore the molecular mechanism by which DIM potentiated
the anti-tumor and anti-metastatic activity of Taxotere, we
further analyzed the FoxM1 target gene altered by DIM or
Taxotere treatment. Our results clearly show that FoxM1 and
its effectors genes, such as E2F1, CDK2, p27 and survivin,
were significantly downregulated in specimens obtained from
the combination group (Fig. 6c). These in vivo results con-
firmed our in vitro findings, suggesting that the inactivation
of FoxM1 is at least one of the molecular events by which
the drug combination potentiates antitumor activity in our
experimental model.

Discussion
Overexpression of FoxM1, an oncogenic transcription factor,
has been found in a variety of aggressive human cancers,
including breast cancer.4,36 Several studies have suggested that
the activation of FoxM1 upregulates its downstream target
genes, resulting in the activation of migration, invasion and
the angiogenic processes.28,29,33,34 Therefore, FoxM1 appears to
be an attractive target for therapy, and it has rightly been
pointed out that by inhibiting this single transcription factor it
should be possible to target multiple facets of tumorigenesis.37

Further, a large-scale analysis of microarray results revealed
that FoxM1 is one of the most common genes over expressed
in a majority of solid tumors.38 In breast cancer, one of the
earliest clues for the involvement of FoxM1 was provided by a
bioinformatic approach.38 Another study revealed that FoxM1
is significantly downregulated by docetaxel, either alone or in
combination with other drugs, in prostate cancer cells.39 A
recent review article reported that FoxM1 could be inhibited
by Siomycin A.19 Because FoxM1 gene is upregulated in breast
cancer,3,4 the mechanism(s) of action of FoxM1 as well as the
consequence of FoxM1 downregulation by DIM and the exact
mechanism(s) have not been fully elucidated. More impor-
tantly, there is no strategy by which FoxM1-driven cellular sig-
naling could be inhibited by DIM which may result in a better
treatment outcome. Therefore, to identify the molecular basis
for the effects of DIM in breast cancer, we investigated the
role of FoxM1 in cell proliferation of metastatic and invasive
breast cancer cell lines. We found that downregulation of
FoxM1 by DIM resulted in a significant decrease in the aggres-
siveness of breast cancer cells. These results provide clear

Figure 4. Downregulation of FoxM1 decreased MMP-9 and VEGF

activities. Effects of FoxM1 downregulation on the activities of

MMP-9 and VEGF, as measured by respective ELISA analysis

conducted using conditioned media. C, Control; D, DIM [25 or 40

(MDA-MB-231) lM]; T, Taxotere (1.0 nM); DþT, DIM þ Taxotere. All

the analyses were done at least thrice. *, p < 0.05; **, p < 0.01

relatively control.
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evidence in support of the role of FoxM1 as an oncogene in
breast cancer cells.

Because downregulation of FoxM1 reduced cell growth,
we assumed inhibition of cell growth could be due to the
induction of cell cycle arrest. The importance of FoxM1 with
respect to cell cycle is well recognized.36,40 Recent studies also
indicate that the overexpression of FoxM1 in tumors is asso-
ciated with poor prognosis and increased tumor recurrence
because it may overcome the G1-S checkpoint imposing pro-
gression of cells through cell cycle conferring proliferative
advantage.11–14 Accordingly, we observed that DIM was effec-
tive in downregulating FoxM1 in breast cancer cells as well
as inducing G1-S cell cycle arrest. Our results also showed
that mRNA expression of E2F1 and CDK2 was downregu-
lated in DIM-treated breast cancer cells, whereas p21 and
p27 were upregulated, suggesting that DIM inhibited the
growth of breast cancer cells through the arrest of cell cycle
and inhibition of proliferation. Similar effects on the cell
cycle have been observed in DIM-treated prostate cancer
cells.41 It has been shown that cyclins binds to CDK to con-
trol the cell cycle process.42 The CDK inhibitors, including
p21 and p27, have been shown to arrest the cell cycle and
inhibit the growth of cancer cells.11,43,44 Our observations
confirm these earlier published results supporting the role of
FoxM1 in breast cancer progression. Based on our findings,
one can argue that DIM in combination with Taxotere treat-

ment may be effective in blocking cell cycle progression in
the G1-S phase resulting from DIM-induced inhibition of
FoxM1 that leads the cells to undergo apoptosis.45,46 This
highlights yet another important molecular mechanism of
action of DIM in enhancing the therapeutic efficacy of cyto-
toxic agents because G1-S cell cycle arrest has emerged as an
attractive therapeutic target for cancer therapy.

FoxM1 is known to regulate the expression of the MMP-2
and MMP-9, both of which play a role in tumor cell inva-
sion.29,33 FoxM1 has been reported to promote both invasion
and angiogenesis in certain tumor models and inhibition of
FoxM1 has been shown to reduce tumor cell proliferation
and angiogenesis in hepatocellular carcinomas.5,35 It is known
that MMPs are critically involved in the processes of tumor
cell invasion and metastasis and that MMPs are directly asso-
ciated with angiogenesis and metastatic processes.47 MMP-9
has been implicated in metastasis because of its role in the
degradation of basement membrane collagen.48 MMP-9
expression was also elevated in the liver of FoxM1B trans-
genic mice.10 We hypothesized that downregulation of
FoxM1 by any agent(s) could potentiate anti-tumor and anti-
angiogenic activities, partly through the downregulation of
the expression of MMPs in breast cancer cells. In this study,
we found that the downregulation of FoxM1 led to a reduced
expression of MMP-9. VEGF is another molecule that is
involved in tumor cell invasion and metastasis.28 Many

Figure 5. DIM decreased breast cancer cell invasion. Invasion assay showing that DIM-treated breast cancer cells resulted in low penetration

through the Matrigel-coated membrane, compared with control cells. MDA-MB-231 and MDA-MB-468 cell were with 25 and 40 lM of DIM,

respectively. The bar graphs show the fluorescence values from the invasive cells. The value indicated the comparative amount of invaded cells. C,

Control; D, DIM 25 or 40 lM; T, Taxotere (1.0 nM); DþT, DIM þ Taxotere; Tax, Taxotere; DIMþTax, DIM þ Taxotere. The experiments were repeated

thrice. *, p < 0.05; **, p < 0.01 relatively control. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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studies have documented that VEGF is a critical mediator of
angiogenesis and regulates most of the steps in the angio-
genic cascade including proliferation, migration and tube
formation of endothelial cells.49 Recent studies have shown
that VEGF promotes migration and invasion of breast cancer
cells.50 It has been reported that FoxM1 regulates VEGF
signaling in various cell types.34 These findings confirm our
current findings, showing reduced levels and activity of
VEGF secreted in the culture medium. To fully understand
the consequence of such downregulation in the expression
and the activity of VEGF and MMPs, we performed invasion
assays, where downregulation of FoxM1 led to a significant
reduction in the invasive potential of MDA-MB-231 and
MDA-MB-468 cells.

To test whether DIM has any anti-tumor effects in vivo,
and whether FoxM1 is inactivated and correlated with down-
regulation of it target genes, we conducted an animal experi-
ment using a xenograft model of experimental breast cancer.
We found that treatment of MDA-MB-231 breast cancer cells
with DIM sensitizes these cells to Taxotere, which could be
mechanistically related to downregulation of FoxM1 in tumor
tissues. These results further support the conclusion that
downregulation of FoxM1 promotes Taxotere-induced inhibi-
tion of breast cancer cells growth in vivo. The expression of
FoxM1, an important molecule of tumor cell survival and me-
tastasis, in our immunohistochemical analysis, was significantly
decreased in MDA-MB-231 tumors in mice receiving the DIM
and Taxotere compared with control. In general, our in vitro
and in vivo results showed that the use of a dietary agent such
as DIM alone or in combination with other chemotherapeutic
agents could be useful for the treatment of breast cancer.
Importantly, our observations from preclinical animal model
and in vitro studies revealed the downregulation of FoxM1 in
sensitization experiments, which may be effective in contribut-
ing to the potentiation of Taxotere cytotoxicity by DIM. These
observations on alterations in the expression status of FoxM1
by DIM are of considerable importance, which strongly sug-
gest that DIM sensitizes the breast cancer cells to the cytotoxic
effect of chemotherapeutic drugs.

In conclusion, our present findings suggest that DIM may
function as an inhibitor of FoxM1, ultimately causing cell
growth inhibition and induction of apoptosis, which may
lead to chemosensitization of breast cancer to Taxotere. The
downregulation of FoxM1 by DIM and Taxotere reduced the
levels of E2F1 and CDK2 and increased p21 and p27 expres-
sion. We believe that downregulation of FoxM1 by DIM,
followed by Taxotere treatment could lead to a decrease in
the levels of VEGF and MMP-9, which is likely to result in
the inhibition of invasion, angiogenesis and metastasis of

Figure 6. Inhibition of tumor growth in vivo by DIM alone or in

combination with Taxotere. DIM or Taxotere alone significantly

inhibited MDA-MB-231 tumor growth (40% and 65%, respectively).

Treatment of animals with DIM in combination with Taxotere

caused 80% reduction in tumor volume compared with control

group (a). DIMþTax, DIM þ Taxotere. *, p < 0.05 relatively control.

Immunohistochemical staining for FoxM1 in DIM plus Taxotere-

treated and -untreated animal tumors done on randomly selected

tumor tissues (b). Tumor cells in untreated control group show

intensive staining of FoxM1 (b). DIMþTax, DIM þ Taxotere. In

contrast, tumor cells in DIM plus Taxotere-treated group show

weaker staining of FoxM1 (b). The total proteins were extracted

from randomly selected frozen tumor tissues obtained from each

treatment group of animals and subjected to Western blot analysis

(c). Results showed that the combination of DIM and Taxotere was

effective in downregulating FoxM1, E2F1, CDK2, p27 and survivin

in treated animals relative to the control tumors (c). Tax, Taxotere;

DIMþTax, DIM þ Taxotere. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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breast cancer. Taken together, the results from our in vitro as
well as in vivo experiments clearly suggest that the combina-
tion of DIM and Taxotere could be a potential regimen for
the treatment of patients diagnosed with breast cancer. Fur-
ther, in-depth testing of combinations of various drugs with

DIM are needed in support of designing mechanism-based
anticancer therapies, particularly for metastatic breast cancer.
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