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‘A prototype high-throughput 
screen for FoxM1 inhibitors has 

been useful and has produced one 
potential compound – Siomycin A.’

Targeting tumor cells based on their high levels of
proliferation has long been an important compo-
nent of cancer treatment. Historically, oncologists
have capitalized on the difference in proliferation
rates of normal and tumor cells by treating patients
with chemicals that damage replicating DNA and
or the proteins that segregate the chromosomes of
proliferating cells, thus preferentially killing tumor
cells. Knowledge regarding the proteins in cells
that regulate the steps of the cell cycle and the pro-
teins that regulate these regulators has now
increased. Forkhead box (Fox)M1 is a nuclear pro-
tein that turns on the expression of a long list of
proteins and enzymes required for mitosis and
cytokinesis, and is an example of a master cell-cycle
regulator [1]. Since rapid traverse of the cell cycle is
an important characteristic of at least some cells of
almost all malignant tumors, it would suggest that
tumor cells must produce large amounts of FoxM1
or find a way to proliferate without it. Apparently
the former mode is favored as FoxM1 enrichment
is one of the most consistent tumor markers
among solid tumors derived from prostate, breast,
lung, ovary, colon, pancreas, stomach, bladder,
liver and kidney [2]. This would suggest that an
alternative approach to cancer chemotherapy
would be to inhibit FoxM1, a master regulator of
the cell cycle.

FoxM1 inhibition kills or blocks tumor 
cells from proliferating
Inhibition of FoxM1 in tumor cell lines grown
in vitro results in rapid apoptotic cell death or per-
manent cell cycle arrest [3–7]. Even more remarka-
bly, genetic removal of FoxM1 is a tumor blocker
in rodent cancer models. Transgenic mice, which
were constructed to ablate the FoxM1 gene in
hepatocytes by 6 weeks after birth, demonstrated
resistance to the induction of hepatocellular carci-
noma after carcinogen exposure [8]. Similarly, other
transgenic adult mice, with only 25% of pulmo-
nary cells retaining the FoxM1 gene, demonstrated

substantial inhibition of squamous cell carcinoma
and adenocarcinoma induced by long-term expo-
sure to the environmental carcinogen, urethane [7];
the inhibition occurred both on the level of tumor
formation and progression. This is in contrast to
the deletion of another oncogene – jun – which,
when deleted after tumor growth, is no longer
anticarcinogenic [9]. One caveat is that FoxM1 has
long been thought to be crucial in allowing healing
of normal injured tissue [1]. It is important to
examine whether FoxM1 inhibition will block
tumors without harming normal tissue. To date,
FoxM1 has been tested in two organs and has
passed with flying colors. Genetic deletion of the
gene in the models above does not result in mor-
bidity over many months [7,8]. Additionally, spe-
cific tests in response to liver surgery show that,
while some steps of the healing process take longer
in old mice where FoxM1 expression is normally
very low, the overall process still occurs [10]. It will
be important to know more about the specificity
of the effects of FoxM1 deprivation on normal tis-
sue in the adult; however, based on what is cur-
rently known, even long-term inhibition of
FoxM1 will have minimal toxicity in many organs.

Future application of FoxM1 inhibition to 
the clinic
Methods used in vitro to temporarily shut off the
FoxM1 gene or to block the protein function are
varied and, not surprisingly, somewhat limited in
their applicability to inhibiting FoxM1 in vivo.
First, activity can be efficiently decreased by a
peptide inhibitor [8]. This peptide is a miniature
version of the alternative reading frame (ARF)
tumor-suppressor protein, which appears to be a
natural inhibitor of the FoxM1 protein, binding
to FoxM1 in the nucleus and inactivating it. The
miniature version of ARF given therapeutically
would take over in cancer cells when the endo-
genous ARF protein is mutated or ‘switched’ off.
As with most peptide drugs that need to move
inside cells to find their targets, the mini-ARF
protein has to be modified through the addition
of extra peptides in order to allow it to cross cell
membranes. While the modification of polypep-
tides to allow cell uptake has been successful
in vitro, and despite the fact that there have been
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a few positive results with the liver as a target
in vivo, many problems, including organ- and
cell-targeting of polypeptides, severely limit the
clinical potential of this approach in the near
future [11,12]. This is in contrast to peptide inhib-
itors of extracellular proteins, such as mono-
clonal antibodies to cell-receptor proteins, which
are currently being used in tumor therapy. 

‘The most promising method of FoxM1 
inhibition is small molecule inhibition.’

The second standard cell-culture methodology
applied to the blocking of FoxM1 production is
the gene therapy approach of using small interfer-
ing (si)RNA oligonucleotides to FoxM1. In cul-
ture, the use of lipid vesicles to increase siRNA
uptake into cells resulted in decreased FoxM1 pro-
tein synthesis and cell death, or irreversible cell
cycle arrest for a number of cancer cell lines [3–5]. In
recent years, there has been significant progress
made in improving methods of efficient uptake of
such oligonucleotides into the cells of intact tissue
in vivo, and many examples exist for the successful
introduction of siRNA into cells in the body.
Those who are skeptical owing to similar opti-
mism about antisense approaches to inhibition
15 years ago should understand that in the labor-
atory siRNA works much more consistently than
antisense ever did. We therefore have every reason
to think it will work better in the clinic. Whether
or not it can be applied to FoxM1 as a tumor ther-
apy will depend on two things. First, as in most
successful tumor therapies that do not hit all cells,
there will be a requirement for a bystander
effect – even cells that do not take up the siRNA
will have to die. Alternatively, it will have to be
used alongside a complementary therapy, such as
surgery, which removes many of the cells that do
not take up the siRNA.

The most promising method of FoxM1
inhibition is small molecule inhibition. High-
throughput analysis allows the rapid screening for
compounds that block FoxM1 transcriptional
activation in a relatively specific manner. This
approach generates fewer false positives compared
with screening methods that are based on tumor-
cell killing, and is an efficient way to generate
potential drugs that kill or block the proliferation
of tumor cells without killing normal cells. This
approach has already started to show promising
results. Gartel, Costa and coworkers have
designed a cell line that expresses high levels of
tagged FoxM1, which, in turn, regulates the
expression of an encoded reporter protein [13].

Both proteins are easily quantitated. A screen of
the National Cancer Institute challenge and diver-
sity set of approximately 2000 compounds
revealed one hit – Siomycin A – an antibiotic.
They demonstrated that this antibiotic inhibits
cyclin-dependent kinase (CDK) phosphorylation
required for activation of FoxM1 in each cell
cycle, and it causes tumor cell death in vitro. This
screen appears to answer the question of whether
examining small molecules that target FoxM1 is a
viable option. In the near future, it should be pro-
ducing compounds for clinical trials. Indeed,
drugs currently in the clinic or clinical trials, such
as the CDK inhibitor roscovitine, may be shown
to kill tumor cells via FoxM1 inhibition [14]. 

So where will we be in 10 years with regard to
FoxM1 and cancer drug therapy? It is important
to repeat that FoxM1 was originally heralded as a
protecting protein that enhanced liver regener-
ation/lung regeneration after tissue and cell dam-
age [1,15]. The presence of FoxM1 inhibitors as
part of a cancer treatment cocktail will almost
certainly increase the killing of tumor cells by
most standard genotoxic compounds. One
obvious question that researchers appear afraid
to examine is whether short-term FoxM1 inhib-
ition will be toxic to normal, high-proliferating
cell compartments of the adult. We know that
FoxM1 inhibition or gene deletion in normal
mouse embryo fibroblasts in vitro is toxic and
mutagenic [4]. But in vitro these cells are not
genetically stable to begin with. An experiment
to test the effect of FoxM1 inhibition on the
gastrointestinal tract and the hematopoietic sys-
tem in the adult mouse is required. Will tran-
sient loss of FoxM1 cause rapid runaway cell
death or irreversible cell cycle arrest? And how
mutagenic will it be? We would suggest that
some cell death will occur but long-term muta-
genesis will be minimal. If so, inhibition of
FoxM1 will be a useful strategy for cancer ther-
apy. If not, undoubtedly other members of the
cell-proliferation pathway that FoxM1 regu-
lates, such as Polo-like kinase 1, will be prime
potential cancer therapy targets, and it will be
necessary to learn more about the mechanisms
through which FoxM1 acts [16].

Future perspective 
A prototype high-throughput screen for FoxM1
inhibitors has been useful and has produced one
potential compound – Siomycin A. However, we
need to know more about the effects of FoxM1
inhibition on the rapidly proliferating normal
tissues of the adult patient. 
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Executive summary

• A master regulator of the cell cycle is required in tumor cells.

• FoxM1 enrichment in tumor cells promotes the transcription of cell cycle promoting enzymes, and is required for tumor cell 
proliferation in vivo.

• FoxM1 inhibition either kills or irreversibly blocks tumor cells from proliferating.

• An alternative reading frame miniprotein that binds FoxM1 in cells blocked liver tumor formation and growth.

• Short interfering RNA to FoxM1 causes tumor cell death or irreversible cell cycle arrest in vitro.

• An antibiotic that blocks FoxM1 phosphorylation blocks FoxM1 activity and kills tumor cells in vitro.

Bibliography
Papers of special note have been highlighted as 
either of interest (•) or of considerable interest (••) 
to readers.
1. Laoukili J, Stahl M, Medema RH: FoxM1: 

at the crossroads of ageing and cancer. 
Biochim. Biophys. Acta 1775 (1), 92–102 
(2006).

• Recent review that outlines the genes and 
pathways regulated by Forkhead box 
(Fox)M1.

2. Pilarsky C, Wenzig M, Specht T, Saeger HD, 
Grutzmann R: Identification and validation of 
commonly overexpressed genes in solid tumors 
by comparison of microarray data. Neoplasia 6, 
744–750 (2004).

3. Wonsey DR, Follettie MT: Loss of the 
forkhead transcription factor FoxM1 
causes centrosome amplification and mitotic 
catastrophe. Cancer Res. 65, 5181–5189 
(2005).

4. Laoukili J, Kooistra MR, Bras A et al.: 
FoxM1 is required for execution of the 
mitotic programme and chromosome 
stability. Nat. Cell Biol. 7, 126–136 (2005).

5. Wang IC, Chen YJ, Hughes D et al.: 
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. 25, 10875–10894 (2005).

6. Kalin TV, Wang IC, Ackerson TJ et al.: 
Increased levels of the FoxM1 transcription 
factor accelerate development and 
progression of prostate carcinomas in both 
TRAMP and LADY transgenic mice. Cancer 
Res. 66, 1712–1720 (2006).

7. Kim IM, Ackerson T, Ramakrishna S et al.: 
The Forkhead Box M1 transcription factor 
stimulates the proliferation of tumor cells 
during development of lung cancer. Cancer 
Res. 66, 2153–2161 (2006).

8. Kalinichenko VV, Major ML, Wang X et al.: 
FoxM1b transcription factor is essential 
for development of hepatocellular 
carcinomas and is negatively regulated 
by the p19ARF tumor suppressor. 
Genes Dev. 18, 830–850 (2004).

• First indication that FoxM1 inhibition 
blocks tumor formation (hepatocellular 
carcinoma) in vivo using an animal 
model. There was a lack of normal 
liver toxicity over several months.

9. Eferl R, Ricci R, Kenner L et al.: 
Liver tumor development. c-Jun antagonizes 
the proapoptotic activity of p53. Cell 112, 
181–192 (2003).

10. Wang X, Krupczak-Hollis K, Tan Y, 
Dennewitz MB, Adami GR, Costa RH: 
Increased hepatic Forkhead Box M1B 
(FoxM1B) levels in old-aged mice 
stimulated liver regeneration through 
diminished p27Kip1 protein levels and 
increased Cdc25B expression. J. Biol. Chem. 
277, 44310–44316 (2002).

11. Walensky LD, Kung AL, Escher I et al.: 
Activation of apoptosis in vivo by a 
hydrocarbon-stapled BH3 helix. Science 
305, 1466–1470 (2004).

12. Gusarova GA, Wang IC, Major ML et al.: 
A cell-penetrating ARF peptide inhibitor of 
FoxM1 in mouse hepatocellular carcinoma 
treatment. J. Clin. Invest.117 (1), 99–111 
(2006).

13. 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. 66, 9731–9735 (2006).

•• Prototype high-throughput screen to 
identify compounds that inhibit FoxM1 
activity and kill tumor cells.

14. Blagden S, de Bono J: Drugging cell cycle 
kinases in cancer therapy. Curr. Drug Targets 
6, 325–335 (2005).

15. Tan Y, Raychaudhuri P, Costa RH: 
Chk2 mediates stabilization of the FoxM1 
transcription factor to stimulate expression 
of DNA repair genes. Mol. Cell. Biol. 
(2006).

16. Strebhardt K, Ullrich A: Targeting polo-like 
kinase 1 for cancer therapy. Nat. Rev. Cancer 
6, 321–330 (2006).

Affiliations
• Guy R Adami

University of Illinois at Chicago, 
Department of Oral Medicine & Diagnostic 
Sciences, 801 S. Paulina Street, M/C 838, 
Chicago IL 60612, USA
Tel.: +1 312 996 6251;
Fax: +1 312 355 2688;
gadami@uic.edu

• Honggang Ye
University of Chicago, Department of Medicine, 
Chicago, IL 60637, USA
Tel.: +1 773 702 9117;
Fax: +1 773 702 9237;
hye@uchicago.edu



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [589.606 793.701]
>> setpagedevice




