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ABSTRACT:
As an oncogenic transcription factor, the Forkhead box protein M1 (FOXM1) is 
overexpressed in human tumors. FOXM1 promotes tumorigenesis by regulating 
genes associated with cell cycle progression and cell proliferation, and its inhibition 
in cell lines has been shown to sensitize cells to apoptosis. In this report, we 
examined the possibility of suppressing FOXM1 in tumors in vivo, through the 
administration of FoxM1-specific siRNA. Firstly, we determined the functionality of 
siRNA treatment in subcutaneous MDA-MB-231-luc breast cancer tumors. We found 
that upon encapsulation into a PEI-based delivery agent, fluorescently-labeled 
siRNA was retained within tumors when administered intratumorally. Injection of 
anti-luciferase siRNA was also able to suppress tumor-associated luciferase for at 
least 48 hours. More importantly, repeat administrations of PEI-encapsulated anti-
FoxM1 siRNA resulted in the reduced expression of FOXM1 protein levels in tumors. 
In addition, both the protein levels and mRNA levels of cdc25B and Aurora B Kinase, 
transcriptional targets of FOXM1 were also reduced in tumors treated with anti-FoxM1 
siRNA. p27, an indirect target of FOXM1 associated with growth inhibition was further 
found be increased in tumors treated with FoxM1-siRNA. Our data suggests that anti-
FoxM1 siRNA can be functional when administered into tumors in an in vivo system, 
and that anti-FoxM1 siRNA holds potential as part of a therapy for cancer treatment.

INTRODUCTION

The Forkhead box protein M1, FOXM1, serves as 
a transcription factor for a wide range of genes relating 
to cell proliferation, cell cycle progression, adult tissue 
homeostasis, repair of DNA damage, and angiogenesis 
[1-4]. FOXM1 is also considered to be an oncogenic 
transcription factor, as its expression in cancer cells is 
found to be abnormally high [5-10]. In fact, genomic 
studies have identified FoxM1 to be one of the highest 
expressed genes in a wide range of human tumors [5, 11, 
12], where a correlation between tumor aggressiveness 
and FOXM1 expression levels have been shown [8, 9, 13]. 
FOXM1’s role in tumorigensis is based on its regulation 
of cell cycle progression, particularly the G1/S and 
G2/M transition and M phase progression. For example, 
FOXM1 has been found to regulate cell cycle-associated 

genes such as the centrosome proteins CENPA, CENPB 
and CENPF, Cdc25B, cyclin B, Aurora B kinase, survivin, 
and polo-like kinase 1 (PLK1) [7, 14-19]. Consequently, 
several of such genes are also overexpressed in cancers, 
and contribute to the progression of cancer development. 
Furthermore, FOXM1 also negatively regulates the 
expressions of cyclin-dependent kinase inhibitors p21 
and p27, through transcription regulation of Skp2 and 
Cks1 [3, 20]. In addiiton, in vitro studies have shown that 
the suppression of FOXM1 by siRNA sensitizes cancer 
cells to cell death upon stimulation with conventional 
chemotherapeutic drugs [21-23].

Currently, the implementation of RNAi for in vivo 
purposes is challenging, especially in the development 
of nanoparticle carriers for the transportation of siRNA 
to tumors. Examples of successful delivery of siRNAs to 
tumors are widely documented in literature, although few 



Oncotarget 2011; 2:   1218 - 12261219www.impactjournals.com/oncotarget

have been developed to the stage of clinical applicability 
[24-26]. Recently, demonstrated is the engineering of 
a cyclodextrin-based nanoparticle system, which was 
shown to successfully aid the delivery of anti-RRM2 (M2 
subunit of ribonucleotide reductase) siRNA to melanoma 
cancers in human patients [27]. As research in tumor-
targeted siRNA delivery steadily advances, we examine 
the functional ability of anti-FoxM1 siRNA to induce 
suppression of FOXM1 in tumors, as a proof-of-principle 
for the potential of anti-FoxM1 siRNA as a therapeutic 
agent. 

RESULTS AND DISCUSSION

PEI-encapsulated siRNA is retained in tumor 
xenografts for a minimum of 24 hrs upon 
intratumoral administration

Here, we chose a polyethylimine-based cationic 
poymer, JetPEI (Polyplus) as an encapsulation agent 
for the in vivo delivery agent for siRNA. JetPEI was 
complexed at an N-to-P ratio of 8, with the siRNAs: anti-
FoxM1-siRNA, control siRNA and control-FITC siRNA. 
N refers to the number of positively charged amine groups 
in PEI and P represents the number of negatively charged 
phosphates in the siRNA backbone. Due to the nature of 

Figure 1: PEI-encapsulated siRNA is retained in tumors and is functional for protein suppression. A, Fluorescently-labeled 
siRNA, when encapsulated into JetPEI delivery agents, can be retained in subcutaneous xenograft tumors upon intratumoral delivery for 
at least 24 hours, as determined by the persistence of tumor-associated fluorescence. B, Suppression of tumor-associated luciferase was 
apparent 24 hours post-injection of luciferase-specific siRNA (10µg) and was maintained for at least 48 hours. Tumor-associated luciferase 
continued to increase in control siRNA-treated tumors. C, Quantification of flux (photons/sec) in tumors treated with luciferase-specific and 
control siRNA. n=2-4 tumors, where values depict averages and error bars represent SD.
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PEI-siRNA complexes (overall cationic in zetapotential, 
no protective ‘stealth’ layer), intravenous injection would 
not result in its accumulation into subcutaneous tumors 
[28-30]. The only injection method for successful delivery 
to such tumors would be direct intratumoral injection. 

PEI-encapsulated Fluorescent-siRNA (control 
sequence) was first used to visualize the retention of siRNA 
within subcutaneous xenograft tumors upon intratumoral 
delivery. MDA-MB-231-luc xenografts were prepared 
in nude mice, after which 10µg of siRNA (encapsulated 
with 1.6µL of JetPEI) was administered to tumors 
intratumorally. The siRNA-associated fluorescence in 
the mice was monitored by whole-body live fluorescence 
imaging, using an excitation wavelength of λ=465nm 
and an emission wavelength of λ=550nm. We found that 
PEI-encapsulated siRNA was retained within tumors 
for at least 24 hours, as determined by the retention of 
tumor-associated fluorescence over time (Figure 1, A). 
This demonstrates that PEI-encapsulated siRNA can be 
retained in tumors and potentially can induce its functional 
effect upon intratumoral injection.

Presently, methods for the functional delivery 
of siRNA to tumor sites as a means for cancer therapy 
remain limited. The phosphate backbone renders siRNA 
to be negatively charged, a nature that prevents its cellular 
internalization, through electrostatic repulsion with 
negatively charged cell membranes [31]. In addition, 
siRNA is vulnerable to digestion by RNAase enzymes, 
if administered to biological systems without an exterior 
carrier [28, 29]. Required, therefore, are carrier systems 
that can transport siRNA to tumor sites before its action 
on protein suppression can be realized. The development 
of nanomaterials for such purposes has attracted 
considerable attention and since, the successful delivery 
of siRNA to melanoma cancers by intravenous injection 
has been shown in humans [27]. As the delivery of siRNA 
to tumors becomes a clinical reality, researchers have 
relied on adopting the method of intratumoral injection 
to examine the feasibility of suppressing specific proteins 
as part of a chemotherapeutic treatment [29, 30, 32, 33]. 

PEI-encapsulated anti-luciferase siRNA inhibits 
luciferase expression in luciferase-expressing 
tumors

To further elucidate the functional suppression of 
siRNA-specific proteins in such tumors, a non-evasive 
method involving MDA-MB-231-luc (luciferase-
expressing) xenograft tumors and anti-luciferase siRNA  
(siLuc) was firstly adopted. PEI-complexed anti-Luciferase 
siRNA was injected intratumorally into luciferase-
expressing tumors and the tumor-associated-luciferase 
expression was monitored by bioluminescence imaging 
(Figure 1, B, C). It was found that luciferase suppression 
by anti-luciferase siRNA was apparent 24 hours after 

injection, followed by a slow recovery of luciferase 
levels to that of control-treated tumors (Figure 1, B, C). 
Administration of control siRNA (siCon) had no effect on 
luciferase expression in MDA-MB-231-luc tumors, where 
the bioluminescence increased steadily overtime. Here, 
we show that the JetPEI-siRNA formulation is capable 
of inducing protein-specific suppression in tumors, and 
is therefore useful for the administration of therapeutic 
siRNAs. It should be considered that the duration of protein 
suppression depends on both the half-life of the targeted 
protein plus the proliferation rate of the cells; however, the 
time frame of 24-48hrs provides a guideline for intervals 
in a dosing schedule for repeat siRNA administration. It is 
acknowledged that intratumoral injection of siRNA is not 
the preferred method for in vivo RNAi experimentation, 
but here it is unavoidable until tumor-targeted systemic 
administrations of such drugs are fully developed. 

In vitro suppression of FOXM1 and its targets in 
MDA-MB-231-luc cells by anti-FoxM1 siRNA

The effects of anti-FoxM1 siRNA (siFox) on 
the expression of FOXM1 and FOXM1’s targets 
were examined in MDA-MB-231-luc cells in vitro. In 
conjunction with FOXM1 suppression, anti-FoxM1 
siRNA was also able to inhibit the expression of FOXM1 
transcriptional targets (Figure 2, A, B). Specifically, the 
protein levels of Aurora B Kinase and cdc25B were 
found to be suppressed after a 48 hr treatment with anti-
FoxM1 siRNA (Figure 2, A). Additionally, reductions in 
mRNA levels of FOXM1’s transcriptional targets were 
also observed, upon transfection with anti-FoxM1 siRNA 
(Figure 2, B). As targets of FOXM1 are also associated 
with cell proliferation, they too are being pursued as 
potential targets for cancer treatment. Examples include 
drugs such as HQPA (hydroxyquinazoline pyrazol 
anilide) and NSC663284 [6-chloro-7-(2-morpholin-4-
ylethylamino)quinoline-5,8-dione], small molecules 
used for the inhibition Aurora B Kinase and cdc25B, 
respectively [34-38]. In this case, the effect of FOXM1 
suppression is likely similar to the effect of inhibiting 
individual FOXM1 targets, as suppression of proteins 
further upstream of molecular pathways may lead to the 
suppression of a range of targets that contribute to cancer 
cell viability. Additionally, p27, a non-direct, secondary 
target of FOXM1 was found to be up-regulated by 
FOXM1 suppression, because of the down-regulation of 
Skp2, a component of the SCF-Skp2 ubiquintin ligase that 
targets 27 for proteolytic degradation (Figure 2, A) [3, 20]. 
This suggests that the reduction of the protein levels of 
FOXM1’s targets is through suppression of their mRNA 
transcription. 

We further demonstrated the applicability of 
JetPEI to act as a delivery agent of siRNA, shown by 
the induced suppression of FOXM1 in MDA-MB-231 
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cells upon treatment with JetPEI-complexed anti-FoxM1 
siRNA (Figure 2, C). The inhibition of FOXM1 protein 
expression by JetPEI-siRNA was maintained for at least 
48hrs, whilst treatment with controls (JetPEI complexed 
with non-functional control siRNA, siCon) had no effect 
on FOXM1 expression (Figure 2, C). 

FOXM1, with its roles in cell proliferation, along with 
its overexpression cancer cells, is becoming increasingly 
highlighted as a drug target for cancer therapy. Molecules 
such as ARF-peptide [39], thiazole antibiotics thiostrepton 
and Siomycin A [40-42], proteasome inhibitors in general 
[43] and other small molecules [44] have been shown to 
be suppressors of FOXM1 in vitro and in vivo. However, 
such drugs, particularly the proteasome inhibitors, are 
likely to operate through multiple mechanisms that may 
affect numerous proteins, not just that of FOXM1 [43, 
44]. On the other hand, siRNA is known to selectively 
inhibit target proteins, therefore inhibition of FoxM1 by 
anti-FoxM1 siRNA will be specific way to target FOXM1. 

Repeat intratumoral injection of PEI-
encapsulated anti-FoxM1 siRNA suppresses the 
expression of FOXM1 and its targets in MDA-
MB-231-luc tumor xenografts

MDA-MB-231-luc cells were implanted 
subcutaneously into the flanks of nude mice and allowed 
to proliferate until tumors reached sizes of ~200mm3. 
JetPEI-encapsulated anti-FoxM1 siRNA was prepared and 
administered intratumorally to tumors at a dose of 10µg 
siRNA/tumor, once every other day (3-4 times per week). 
Control tumors received intratumoral injections of JetPEI 
only, as previous experiments showed that control siRNA 
had no effect on protein expression (Figure 1, B and Figure 
2, A). After 10 injections (20 days), tumors were removed 
and analyzed for protein and mRNA levels of FOXM1, 
Aurora B Kinase, cdc25B and appropriate controls. We 
found that the protein levels of FOXM1 were effectively 

Figure 2: FoxM1-specific siRNA (siFox) suppresses the expression of FOXM1 and its targets in MDA-MB-231-luc 
cells. A, siFox (50nM, delivered via Lipofectamine2000, 48 hours post-transfection) suppresses the protein levels of FOXM1 and its direct 
transcriptional targets Aurora B Kinase and cdc25B, and elevates levels of an indirect target of p27. B, siFox (50nM) inhibits the mRNA 
levels of Aurora B Kinase and cdc25B. n=3, values depict averages and error bars represent SD. C, JetPEI-encapsulation of siFox (50nM) 
is also functional in suppression FOXM1 and is therefore feasible as a delivery agent to tumors.
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reduced in tumors treated with repeat administration of 
siFox siRNA, compared to that of control-treated tumors 
(Figure 3, A). Complying with in vitro results, protein 
levels of Aurora B Kinase (Figure 3, A) and cdc2B 
(Figure 3, A) were also found to be suppressed in tumors 
treated with siFox siRNA. Again, the mRNA levels of 
the FoxM1 targets were consistently reduced in tumors 
subjected to siFox injections (Figure 3, B). A reduction in 
FOXM1, Aurora B Kinase and cdc25B also corresponded 
to an increase in levels of p27, the cyclin-dependent 
kinase inhibitor that is indirectly negatively regulated by 
FOXM1 (Figure 3, A). These findings suggest that the 
injection of PEI-encapsulated siRNA is functional in such 
a tumor model, and that FOXM1 suppression also leads to 
the repression of its transcriptional targets.

As FOXM1 is known as a master regulator of the 
cell cycle, its suppression inhibits the transcription of 
genes associated with proliferation and tumor growth, and 
therefore may be beneficial to part of a cancer treatment. In 
conjunction with in vitro studies, suppression of FOXM1 
in tumors by siRNA also realized the suppression of its 
targets. As with our in vivo data, other studies have also 

described the depletion of FOXM1 targets such as cdc25B 
and Aurora B Kinase in FOXM1-null cells [3, 15]. The 
suppression of FOXM1 and its targets also corresponds 
to the upregulation of p27, a Cdk inhibitor protein that 
is negatively regulated on protein level by the FOXM1 
target, Skp2 [39]. Particularly, high FOXM1 expression 
has been found to increase resistance towards certain 
anticancer drugs [21-23], and its inhibition may sensitize 
cancer cells towards current chemotherapeutic drugs. 
If the suppression of FOXM1 by siRNA is feasible and 
efficient in mouse tumor models, it may pave way for 
the development of RNAi-based therapies for FOXM1-
targeting in human tumors. 

METHODS

Materials

MDA-MB-231-luc-D3H2-LN, human lymph node-
derived metastatic mammary gland adenocarcinoma 
(Caliper Lifescience) were maintained in MEM media 

Figure 3: Repeat injection of siFox reduces protein expressions of FOXM1 and its targets in MDA-MB-231-luc 
subcutaneous tumors. A, After 10 intratumoral injections of siFox (10µg, complexed with 1.6µL JetPEI, once every two days, over 
20 days), protein levels of FOXM1, Aurora B Kinase and cdc25B were suppressed, compared to tumors treated with JetPEI-only controls. 
Western blots represent 5 individual tumors from each treatment group. B, siFox also reduced the mRNA levels of FOXM1 transcriptional 
targets, as demonstrated by quantitative PCR. n= 5-8 where values depict averages and error bars represent SEM. 
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(Mediatech) supplemented with 10% FBS (Atlanta 
Biological), 1% 100X non-essential amino acids 
(Gibco), 1% 200mM NaPyruvate (Gibco) and 75µg/mL 
Zeocin (Invitrogen). JetPEI and 20% glucose solution 
was obtained from Polyplus, Lipofectamine 2000 was 
purchased from Invitrogen and Optimem was purchased 
from Gibco. Trizol was obtained from Ambion, High 
capacity cDNA Reverse Transcription kit was purchased 
from Applied Biosystems and SYBR Green fast start 
universal was obtained from Roche. All primers were 
synthesized by Integrated DNA Technologies. Anti-
FoxM1 and control siRNAs were purchased from Sigma, 
Fluorescent-siRNA (Allstars Negative Alexa Fluor 488) 
and anti-Luciferase GL3 siRNA were purchased from 
Qiagen. D-Luciferin (potassium salt) was obtained from 
Gold Biotechnology. 

METHODS

Treatment of cells in vitro

MDA-MB-231 cells were seeded at 5x104 cells/3cm 
plate in antibiotic-free media and incubated overnight 
before treatment. siRNA was complexed with either 
Lipofectamine2000 or with JetPEI before administration 
to cells. For complexation with Lipofectamine2000: in 
one vial, 1.5µL siRNA (100µM in nuclease-free H2O) was 
diluted in Optimem (50µL), and in another vial, 2.25µL 
of Lipofectamine2000 was diluted in Optimem (50µL). 
The Lipofectamine2000 solution was added to the siRNA 
solution and mixed by pipetting. The siRNA/liposome 
complexes were incubated at room temperature for 
10mins before administration to cells at 50nM (1.5nmol 
siRNA per plate containing 3mL antibiotic-free media). 
Cells were incubated with Lipofectamine-siRNA for 48 
hours before collection for analysis. For complexation 
with JetPEI: in one vial, 1.5uL of siRNA (100µM in 
nuclease-free H2O) was diluted in 25µL of a 10% glucose 
solution (1:1 H2O/10% glucose, v/v, equivalent to a 
5% glucose solution). In another vial, 0.24µL of JetPEI 
was diluted in 25µL of a 10% glucose solution and 
then added to the siRNA solution. The siRNA-JetPEI 
complex was incubated at room temperature for 10mins 
before administration to cells. Cells were incubated with 
JetPEI-siRNA for 24hrs or 48 hours before collection for 
analysis. Specific siRNA sequences are as follows: FoxM1 
Sense, 5’-GGACCACUUUCCCUACUUUUU-3’, 
FoxM1 Antisense, 
5’-UUAAAGUAGGGAAAGUGGUCC-3’, Control 
Sense, 5’-AACAGUCGCGUUUGCGACUGGUU-3’ 
and Control Antisense, 
5’-UUGUCAGCGCAAACGCUGACC-3’.

Western Blot analysis of cell lysates

Cells were harvested with IP lysis buffer (20mM 
HEPES, 1% Triton X-100, 150mM NaCl, 1mM EDTA, 
1mM EGTA, 100mM NaF, 10mM Na4P2O7, 1mM Na3VO4, 
0.2mM PMSF). For analysis of tissues, liquid N2-frozen 
sections of xenograft tumors were homogenized in 1mL 
IP lysis buffer. Protein concentrations of cell or tumor 
lysates were measured by the Bio-Rad Protein Assay and 
protein separation was performed on 8% or 12% SDS-
PAGE gels. Separated proteins were then transferred onto 
PVDF membranes (Millipore) and immunoblotted with 
specific antibodies against FOXM1 (c-20, Santa Cruz), 
Aurora B Kinase (cell signaling), cdc25B (cell signaling) 
and ß-actin (Sigma) 

Quantitative RT-PCR of cell lysates

Monolayer cells and tumor sections were treated 
with Trizol for RNA isolation. For cells in vitro, media 
was removed from plates and cells were collected after 
addition of 1mL Trizol. For tumors, N2 (l)-frozen sections 
were homogenized (Fisher, Polytron) in 1mL Trizol. After 
treatment with Trizol, RNA was isolated by standard 
methods, comprising of chloroform extraction, precipitation 
with isopropanol, pellet washing with 75% EtOH (in 
H2O) and redissolving in nuclease-free H2O. cDNA was 
synthesized using the SuperScript First Strand Synthesis 
Kit according to the manufacturer’s recommendations 
(Invitrogen). 2µg of cDNA was used with specific primers 
and SYBER-Green I for quantitative analysis of mRNA 
concentrations on an ABI 7900 HT system. Cyclophilin 
mRNA levels were used as normalization controls. 
Primer sequences are as follows: FoxM1 Sense- 5’- 
TCCCTGCTGCCTGATTATGC-3’, FoxM1 Antisense- 
5’- TCACCATTGCCTTTGTTGTTCC-3’, Aurora B 
Kinase Sense- 5’- CTGGAATATGCACCACTTGGA-3’, 
Aurora B Kinase Antisense- 5’- 
CGAATGACAGTAAGACAGGG-3’, cdc25B Sense- 5’- 
CCCTTCCCTGTTTTCCTTTC-3’, cdc25B Antisense- 
5’- ACACACACTCCTGCCATAGG-3’, Cyclophilin 
Sense- 5’- CACCCTGACACATAAACCCTGG-3’, 
Cyclophilin Antisense- 5’- 
GCAGACAAGGTCCCAAAGACAG-3’.

Animal maintenance and tumor xenograft 
experiments

Animals were maintained and treated in accordance 
with the guidelines established by the Animal Care and 
Use Committee of UIC. Tumor models were prepared 
by implanting cancer cell lines (1x106 of MDA-MB-
231-luc), suspended in 50uL of 1:1 PBS/Matrigel into 
each flank of 4-week old male athymic mice (Taconic). 
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Treatment began once tumors reached sizes of 200mm3. 
After completion of the dosing schedule, animals were 
sacrificed and tumors were removed. Tumors were sliced 
in half and either frozen in liquid N2 or fixed overnight in 
10% formalin (4ºC). Frozen tumors were then sliced and 
homogenized in 1mL of either IP lysis buffer, or in Trizol, 
or western blot and RT-PCR analysis, respectively.

Tumor-retention of fluorescent-siRNA 

To study the retention of JetPEI-siRNA (AF488) in 
MDA-MB-231-luc xenograft tumors, 10µg Fluorescent-
siRNA (encapsulated with 1.6µL JetPEI in 50uL 5% 
glucose solution by method described before) was 
injected directly into tumor tissues (50µL per tumor). 
Animals were anaesthetized under isofluorane and imaged 
for whole-body fluorescence (ex= 465nm, em=550nm) at 
0hr, 12hr and 24hr post-administration using the Xenogen 
IVIS imaging system.

Treatment of tumors with functional siRNA (anti-
luciferase and anti-FoxM1)

Anti-luciferase and anti-FoxM1 siRNA were 
administered to MDA-MB-231-luc subcutaneous tumors 
(200mm3) at 10µg per tumor (complexed with 1.6µL 
JetPEI in 50µL of 5% glucose solution). For Luciferase 
experiments, tumors were injected with either anti-
Luciferase siRNA or control siRNA, after which tumor-
associated fluorescence was monitored by whole body 
bioluminescence imaging. To do so, animals were 
injected with 100mg luciferin/kg 10 mins before animals 
were anaesthetized under isoflurane. Tumor-associated 
bioluminescence were recorded on a Xenogen IVIS 
imaging system and quantified as flux (photon/sec) using 
the Living Image Software. 

For functional suppression of FOXM1, anti-FoxM1 
siRNA/JetPEI (10µg in 5µL 5% glucose solution) was 
administered to tumors 3 times a week for 3 weeks (total 10 
injections, 50µL per injection). Control animals were treated 
with JetPEI only (1.6µL per tumor, 50uL per injection). 
After the treatment schedule, animals were euthanized 
and tumors removed and frozen in liquid N2. siRNA 
sequences for anti-FoxM1 and control siRNAs are stated 
above and those for anti-luciferase siRNA are as follows: 
Sense- 5’-r(CUUACGCUGAGUACUUCGA)d(TT)-3’ 
and Antisense- 5’-r(UCGAAGUACUCAGCGUAAG)
d(TT)-3’.

CONCLUSIONS

In this report, we describe the effect of administering 
anti-FoxM1 siRNA into MDA-MB-231-luc breast cancer 
tumors. Firstly, we show that intratumoral injections of 
PEI-encapsulated siRNA was able to be retained within 

tumors, and secondly, we demonstrate its ability to induce 
a specific protein suppression effect. Furthermore, we 
show that the intratumoral injection of FoxM1-specific 
siRNA is able to suppress the protein expression of 
FOXM1, along with the protein and gene expressions 
of its transcriptional targets. These results showcase the 
effect of anti-FoxM1 siRNA in tumors, and highlight the 
potential of FOXM1-targeting as part of a cancer therapy.

ACKNOWLEDGEMENTS

We thank Dr. Angela Tyner (UIC) for the gift of the 
MDA-MB-231-luc cells and Dr. Pradip Raychaudhuri 
(UIC) for the gift of the cdc25B antibodies.

GRANT SUPPORT

This work was supported by the NIH grants 
1RO1CA1294414 and 1R21CA134615 to ALG.

REFERENCES

1. Laoukili J, Stahl M, Medema RH. FoxM1: at the crossroads 
of ageing and cancer. Biochim Biophys Acta. 2007; 
1775:92-102.

2. Laoukili J, Alvarez M, Meijer LA, Stahl M, Mohammed 
S, Kleij L, Heck AJ, Medema RH. Activation of FoxM1 
during G2 requires cyclin A/Cdk-dependent relief of 
autorepression by the FoxM1 N-terminal domain. Mol Cell 
Biol. 2008; 28:3076-3087.

3. Wang IC, Chen YJ, Hughes D, Petrovic V, Major ML, 
Park HJ, Tan Y, Ackerson T, Costa RH. Forkhead box M1 
regulates the transcriptional network of genes essential for 
mitotic progression and genes encoding the SCF (Skp2-
Cks1) ubiquitin ligase. Mol Cell Biol. 2005; 25:10875-
10894.

4. Koo CY, Muir KW, Lam EW. FOXM1: From cancer 
initiation to progression and treatment. Biochim Biophys 
Acta. 2011.

5. Uddin S, Ahmed M, Hussain A, Abubaker J, Al-Sanea 
N, AbdulJabbar A, Ashari LH, Alhomoud S, Al-Dayel F, 
Jehan Z, Bavi P, Siraj AK, Al-Kuraya KS. Genome-wide 
expression analysis of Middle Eastern colorectal cancer 
reveals FOXM1 as a novel target for cancer therapy. Am J 
Pathol. 2011; 178:537-547.

6. Priller M, Pöschl J, Abrão L, von Bueren AO, Cho YJ, 
Rutkowski S, Kretzschmar HA, Schüller U. Expression of 
FoxM1 Is Required for the Proliferation of Medulloblastoma 
Cells and Indicates Worse Survival of Patients. Clin Cancer 
Res. 2011; 17:6791-6801.

7. Wonsey DR, Follettie MT. Loss of the forkhead transcription 
factor FoxM1 causes centrosome amplification and mitotic 
catastrophe. Cancer Res. 2005; 65:5181-5189.

8. Chan DW, Yu SY, Chiu PM, Yao KM, Liu VW, Cheung 



Oncotarget 2011; 2:   1218 - 12261225www.impactjournals.com/oncotarget

AN, Ngan HY. Over-expression of FOXM1 transcription 
factor is associated with cervical cancer progression and 
pathogenesis. J Pathol. 2008; 215:245-252.

9. Li Q, Zhang N, Jia Z, Le X, Dai B, Wei D, Huang S, Tan 
D, Xie K. Critical role and regulation of transcription 
factor FoxM1 in human gastric cancer angiogenesis and 
progression. Cancer Res. 2009; 69:3501-3509.

10. Kim IM, Ackerson T, Ramakrishna S, Tretiakova M, Wang 
IC, Kalin TV, Major ML, Gusarova GA, Yoder HM, Costa 
RH, Kalinichenko VV. The Forkhead Box m1 transcription 
factor stimulates the proliferation of tumor cells during 
development of lung cancer. Cancer Res. 2006; 66:2153-
2161.

11. Pilarsky C, Wenzig M, Specht T, Saeger HD, Grützmann R. 
Identification and validation of commonly overexpressed 
genes in solid tumors by comparison of microarray data. 
Neoplasia. 2004; 6:744-750.

12. Yu J, Deshmukh H, Payton JE, Dunham C, Scheithauer 
BW, Tihan T, Prayson RA, Guha A, Bridge JA, Ferner RE, 
Lindberg GM, Gutmann RJ, Emnett RJ, Salavaggione L, 
Gutmann DH, Nagarajan R et al. Array-based comparative 
genomic hybridization identifies CDK4 and FOXM1 
alterations as independent predictors of survival in 
malignant peripheral nerve sheath tumor. Clin Cancer Res. 
2011; 17:1924-1934.

13. Kalin TV, Wang IC, Ackerson TJ, Major ML, Detrisac CJ, 
Kalinichenko VV, Lyubimov A, Costa RH. Increased levels 
of the FoxM1 transcription factor accelerate development 
and progression of prostate carcinomas in both TRAMP 
and LADY transgenic mice. Cancer Res. 2006; 66:1712-
1720.

14. Leung TW, Lin SS, Tsang AC, Tong CS, Ching JC, Leung 
WY, Gimlich R, Wong GG, Yao KM. Over-expression of 
FoxM1 stimulates cyclin B1 expression. FEBS Lett. 2001; 
507:59-66.

15. Krupczak-Hollis K, Wang X, Kalinichenko VV, Gusarova 
GA, Wang IC, Dennewitz MB, Yoder HM, Kiyokawa H, 
Kaestner KH, Costa RH. The mouse Forkhead Box m1 
transcription factor is essential for hepatoblast mitosis and 
development of intrahepatic bile ducts and vessels during 
liver morphogenesis. Dev Biol. 2004; 276:74-88.

16. Costa RH. FoxM1 dances with mitosis. Nat Cell Biol. 
2005; 7:108-110.

17. Murakami H, Aiba H, Nakanishi M, Murakami-Tonami 
Y. Regulation of yeast forkhead transcription factors and 
FoxM1 by cyclin-dependent and polo-like kinases. Cell 
Cycle. 2010; 9:3233-3242.

18. Pandit B, Halasi M, Gartel AL. p53 negatively regulates 
expression of FoxM1. Cell Cycle. 2009; 8:3425-3427.

19. Halasi M, Gartel A. A novel mode of FoxM1 regulation: 
positive auto-regulatory loop. Cell Cycle. 2009; 8:1966-
1967.

20. Zeng J, Wang L, Li Q, Li W, Björkholm M, Jia J, Xu D. 
FoxM1 is up-regulated in gastric cancer and its inhibition 

leads to cellular senescence, partially dependent on p27 
kip1. J Pathol. 2009; 218:419-427.

21. Carr JR, Park HJ, Wang Z, Kiefer MM, Raychaudhuri P. 
FoxM1 mediates resistance to herceptin and paclitaxel. 
Cancer Res. 2010; 70:5054-5063.

22. Kwok J, Peck B, Monteiro L, Schwenen H, Millour J, 
Coombes R, Myatt S, Lam E. FOXM1 confers acquired 
cisplatin resistance in breast cancer cells. Mol Cancer Res. 
2010; 8:24-34.

23. Millour J, Constantinidou D, Stavropoulou AV, Wilson 
MS, Myatt SS, Kwok JM, Sivanandan K, Coombes RC, 
Medema RH, Hartman J, Lykkesfeldt AE, Lam EW. 
FOXM1 is a transcriptional target of ERalpha and has a 
critical role in breast cancer endocrine sensitivity and 
resistance. Oncogene. 2010; 29:2983-2995.

24. Wu SY, Singhania A, Burgess M, Putral LN, Kirkpatrick 
C, Davies NM, McMillan NA. Systemic delivery of E6/7 
siRNA using novel lipidic particles and its application 
with cisplatin in cervical cancer mouse models. Gene Ther. 
2011; 18:14-22.

25. Yoshizawa T, Hattori Y, Hakoshima M, Koga K, Maitani 
Y. Folate-linked lipid-based nanoparticles for synthetic 
siRNA delivery in KB tumor xenografts. Eur J Pharm 
Biopharm. 2008; 70:718-725.

26. Santel A, Aleku M, Keil O, Endruschat J, Esche V, Durieux 
B, Löffler K, Fechtner M, Röhl T, Fisch G, Dames S, Arnold 
W, Giese K, Klippel A, Kaufmann J. RNA interference in 
the mouse vascular endothelium by systemic administration 
of siRNA-lipoplexes for cancer therapy. Gene Ther. 2006; 
13:1360-1370.

27. Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher 
A, Alabi CA, Yen Y, Heidel JD, Ribas A. Evidence of 
RNAi in humans from systemically administered siRNA 
via targeted nanoparticles. Nature. 2010; 464:1067-1070.

28. Gao S, Dagnaes-Hansen F, Nielsen EJ, Wengel J, 
Besenbacher F, Howard KA, Kjems J. The effect of 
chemical modification and nanoparticle formulation on 
stability and biodistribution of siRNA in mice. Mol Ther. 
2009; 17:1225-1233.

29. Takei Y, Kadomatsu K, Yuzawa Y, Matsuo S, Muramatsu 
T. A small interfering RNA targeting vascular endothelial 
growth factor as cancer therapeutics. Cancer Res. 2004; 
64:3365-3370.

30. Urban-Klein B, Werth S, Abuharbeid S, Czubayko F, 
Aigner A. RNAi-mediated gene-targeting through systemic 
application of polyethylenimine (PEI)-complexed siRNA 
in vivo. Gene Ther. 2005; 12:461-466.

31. Tan SJ, Kiatwuthinon P, Roh YH, Kahn JS, Luo D. 
Engineering Nanocarriers for siRNA Delivery. Small. 
2011; 7:841-856.

32. Gillespie DL, Whang K, Ragel BT, Flynn JR, Kelly DA, 
Jensen RL. Silencing of hypoxia inducible factor-1alpha by 
RNA interference attenuates human glioma cell growth in 
vivo. Clin Cancer Res. 2007; 13:2441-2448.



Oncotarget 2011; 2:   1218 - 12261226www.impactjournals.com/oncotarget

33. Pillé JY, Denoyelle C, Varet J, Bertrand JR, Soria J, Opolon 
P, Lu H, Pritchard LL, Vannier JP, Malvy C, Soria C, Li H. 
Anti-RhoA and anti-RhoC siRNAs inhibit the proliferation 
and invasiveness of MDA-MB-231 breast cancer cells in 
vitro and in vivo. Mol Ther. 2005; 11:267-274.

34. Tao Y, Zhang P, Girdler F, Frascogna V, Castedo M, 
Bourhis J, Kroemer G, Deutsch E. Enhancement of 
radiation response in p53-deficient cancer cells by the 
Aurora-B kinase inhibitor AZD1152. Oncogene. 2008; 
27:3244-3255.

35. Walsby E, Walsh V, Pepper C, Burnett A, Mills K. 
Effects of the aurora kinase inhibitors AZD1152-HQPA 
and ZM447439 on growth arrest and polyploidy in 
acute myeloid leukemia cell lines and primary blasts. 
Haematologica. 2008; 93:662-669.

36. Azzariti A, Bocci G, Porcelli L, Fioravanti A, Sini P, Simone 
GM, Quatrale AE, Chiarappa P, Mangia A, Sebastian S, 
Del Bufalo D, Del Tacca M, Paradiso A. Aurora B kinase 
inhibitor AZD1152: determinants of action and ability to 
enhance chemotherapeutics effectiveness in pancreatic and 
colon cancer. Br J Cancer. 2011; 104:769-780.

37. Lazo JS, Aslan DC, Southwick EC, Cooley KA, Ducruet 
AP, Joo B, Vogt A, Wipf P. Discovery and biological 
evaluation of a new family of potent inhibitors of the dual 
specificity protein phosphatase Cdc25. J Med Chem. 2001; 
44:4042-4049.

38. Soncini C, Carpinelli P, Gianellini L, Fancelli D, Vianello 
P, Rusconi L, Storici P, Zugnoni P, Pesenti E, Croci V, 
Ceruti R, Giorgini ML, Cappella P, Ballinari D, Sola 
F, Varasi M et al. PHA-680632, a novel Aurora kinase 
inhibitor with potent antitumoral activity. Clin Cancer Res. 
2006; 12:4080-4089.

39. Gusarova GA, Wang IC, Major ML, Kalinichenko VV, 
Ackerson T, Petrovic V, Costa RH. A cell-penetrating 
ARF peptide inhibitor of FoxM1 in mouse hepatocellular 
carcinoma treatment. J Clin Invest. 2007; 117:99-111.

40. Wang M, Gartel AL. Micelle-encapsulated thiostrepton as 
an effective nanomedicine for inhibiting tumor growth and 
for suppressing FOXM1 in human xenografts. Mol Cancer 
Ther. 2011.

41. Bhat UG, Halasi M, Gartel AL. Thiazole antibiotics target 
FoxM1 and induce apoptosis in human cancer cells. PLoS 
One. 2009; 4:e5592.

42. Radhakrishnan SK, Bhat UG, Hughes DE, Wang IC, Costa 
RH, Gartel AL. Identification of a chemical inhibitor of the 
oncogenic transcription factor forkhead box M1. Cancer 
Res. 2006; 66:9731-9735.

43. Bhat UG, Halasi M, Gartel AL. FoxM1 is a general target 
for proteasome inhibitors. PLoS One. 2009; 4:e6593.

44. Li Y, Ligr M, McCarron JP, Daniels G, Zhang D, Zhao 
X, Ye F, Wang J, Liu X, Osman I, Mencher SK, Lepor H, 
Wang LG, Ferrari A, Lee P. Natura-alpha targets forkhead 
box m1 and inhibits androgen-dependent and -independent 
prostate cancer growth and invasion. Clin Cancer Res. 

2011; 17:4414-4424.


