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ABSTRACT
Forkhead box (FOX) proteins have been shown to play important roles
in regulating the expression of genes involved in cell growth, proliferation,
differentiation, longevity, and transformation. The functional importance
of this gene family in normal human skin physiology and disease processes
is not well understood. Activation of Sonic Hedgehog (Shh) signaling plays
a key role in the development of basal cell carcinomas (BCCs) of the skin
in humans. Recent studies have established that some FOX genes are
downstream targets of Shh signaling. We have investigated the role of
FOX proteins in transducing Shh effects in human skin by using degenerate PCR to identify FOX genes differentially expressed in BCCs. All
three known FOXM1 isoforms (a, b, and c) were detected in human skin
and cultured keratinocytes, and the transcriptionally active FOXM1b
isoform was found to be up-regulated in BCCs. Real-time quantitative
RT-PCR showed that the increase in FOXM1 mRNA levels was specific
for BCCs and not a reflection of increased cell proliferation in that no
up-regulation was seen in squamous cell carcinomas or proliferating
primary human keratinocyte cultures. Immunostaining studies showed
intense nuclear and cytoplasmic staining throughout BCC tumor islands
and not confined to the periphery regions of the tumor where proliferating
Ki-67-immunopositive cells are predominantly localized. Expression of
the Shh target glioma transcription factor-1 (Gli1) in primary keratinocytes and other cell lines caused a significant elevation of FOXM1 mRNA
level and transcriptional activity, indicating that FOXM1 is a downstream
target of Gli1. Our data provide the first evidence that activation of Shh
signaling via Gli1 is an important determinant of FOXM1 expression in
mammalian cells. Given the role of FOXM1 in cell proliferation, the
up-regulation of FOXM1 in BCCs may be one of the mechanisms whereby
Shh signaling exerts its mitogenic effect on basal keratinocytes, leading to
the development of this common human cancer.

INTRODUCTION
Winged-helix/FOX5 proteins, which constitute a large family of
transcription factors, have been implicated in both embryonic development and adult tissue homeostasis by regulating cell growth, proliferation, differentiation, longevity, and transformation (reviewed in
Ref. 1). Recently, all known winged-helix/forkhead members have
been assigned a unified nomenclature—the FOX family (2). FOX
proteins are defined by a conserved DNA-binding protein motif (WD)
of ⬃100 amino acids, which was first identified in HNF-3␥/Foxa3
(3, 4).
Hedgehog signaling is important in the regulation of patterning, cell
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cycle and proliferation, survival, and growth of embryos and various
adult tissues. Inappropriate maintenance of hedgehog signaling pathway has been implicated in various tumor development in the skin,
muscle, and brain (reviewed in Refs. 5 and 6). There are three known
members of the hedgehog-secreted glycoprotein family in mammals,
namely Sonic, Desert, and Indian hedgehog. Shh has been shown to be
the most potent (7) and most widely expressed in both embryos and
adult tissues (reviewed in Ref. 8). The zinc-finger Gli1 is one of the
key downstream targets of Shh signaling via a membrane-receptor
complex composed of PTCH1 and SMO, and a complex cascade of
intracellular mediators (6). Physiologically, activation of Shh signaling is initiated by the binding of the Shh protein to PTCH1 receptor,
which in turn releases its inhibition on SMO, resulting in the activation of Gli. Inappropriate expression of Gli1 has been shown to be a
crucial event in tumorigenesis of the brain and skin (5).
In previous work, we and others have established that activation of
Shh signaling, by mutational inactivation of the Shh receptor PTCH1
(9), activating mutation of the PTCH1-binding G-protein-coupled
receptor SMO (10), or up-regulation of a Shh target transcription
factor Gli1 (11–14), plays a key role in the development of the
common Caucasian skin cancer, BCC. Moreover, a number of murine
FOX genes, such as the induction of Foxa2 (HNF-3␤) during floor
plate development (15), Foxd2 (Mf-2) during somitogenesis (16), and
Foxf1 (FREAC-1 or HFH-8) during lung and foregut organogenesis
(17), have been shown to be expressed within areas of active Shh
signaling. The authors have established that these FOX genes are
direct targets of Shh during embryonic development of the mice.
In view of the role of some FOX genes in mediating Shh signaling,
we have investigated the expression of this gene family in normal
human skin, primary cultured human keratinocytes, and BCC and
SCC samples. Using degenerate PCR and real-time PCR, we have
found that FOXM1 (previously known as HFH-11, INS-1, WIN,
MPP2/MPHOSPH2, or Trident/FKHL16) is specifically up-regulated
in BCCs but not in normal skin, cultured keratinocytes, or SCCs.
Previous studies have shown that FOXM1 has a wide cellular pattern
of expression in various mescenchymal and epithelial cells during
embryonic development (18), whereas in adult mice FOXM1 expression was confined to the thymus, intestine, colon, and testis (18 –21).
Although studies have shown that FOXM1 expression in murine
hepatocytes was activated in response to mitogens, hepatectomy (22),
or toxin-induced liver damage (23), FOXM1 expression has not been
previously linked to Shh signaling. Little is known about FOXM1
expression in human skin and its implication in tumor formation. In
the present study, we present the first evidence that the increased
expression and activity of FOXM1 in BCCs, characterized by activated Shh signaling, is a downstream target of the Shh effector Gli1
transcription factor.
MATERIALS AND METHODS

Oligonucleotides. The oligonucleotides used were: FkhDF, 5⬘-CGCAAGCTTAARCCHCCHTAWTCNTAYAT-3⬘ and FkhDR, 5⬘-GCGGTCGACRTGYCKRATNGARTTCTGCCA-3⬘; GapF, 5⬘-C292CCATCACCATCTTCCAGGAGC313-3⬘ and GapR, 5⬘-C764CAGTGAGCTTCCCGTTCAGC744-3⬘ (based on
the human GAPDH; GenBank accession no. NM_002046); ␤ActinF, 5⬘G442TTTGAGACCTTCAACACCCC462-3⬘ and ␤ActinR, 5⬘-G759TGGCCATCTCTTGCTCGAAGTC737-3⬘ (human ␤-actin; GenBank accession no.
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cDNA sample of primary human keratinocyte. Similarly, a standard titration
curve for GAPDH was performed, and the mRNA copy number of GAPDH in
each sample was determined as described above. The amount of FOXM1
mRNA in each sample was normalized against the amount of GAPDH mRNA
in the same sample and subsequently expressed as the mRNA copy number of
FOXM1 per 1000 copies of GAPDH mRNA.
Real-time quantitative PCR was performed using a LightCyclerTM rapid
thermal cycler instrument (Roche Diagnostics Ltd., Lewes, United Kingdom)
in which PCR reactions were performed in a 10-l volume, in the LightCycler
glass capillaries, containing 0.5 M primers and MgCl2 concentration optimized for each pair of primers between 2 and 5 mM. Taq DNA polymerase,
DNA double-strand specific SYBR Green I dye, nucleotides, and buffer were
included in the FastStart DNA Master SYBR Green I mix (Roche Diagnostics
Ltd.). A typical protocol comprised an initial denaturation at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s, 60(FOXM1)/55(GAPDH)°C annealing
for 10 s, and 72°C elongation for 17–19 s (depending on the length of the
product, 1 s/25 bp). Fluorescence was measured at 2⬃3°C below specific
melting peak of each product (see below; i.e., 84°C for FOXM1 and 86°C for
GAPDH) when the respective DNA products were double stranded at these
temperatures. At the end of the 40 cycles, samples were subjected to a melting
analysis to confirm amplification specificity of the PCR products. During this
step, samples were heated from 65–95°C at a steady rate of 0.1°C/s, and
fluorescence was measured continuously throughout this period. Melting analysis of FOXM1 and GAPDH of all cDNA samples amplified, consistently
(both intra- and inter-experiment) gave single melting peaks of 86.96 ⫾ 0.10°C
(mean ⫾ SE of n ⫽ 12, randomly chosen samples from three independent
experiments) and 88.21 ⫾ 0.05°C, respectively. PCR products were further
confirmed by gel electrophoresis.
Immunohistochemistry and Fluorescence Microscopy. FOXM1 was immunostained with a previously characterized rabbit polyclonal antibody (18)
kindly provided by Dr. Robert Costa. Proliferating cells were immunostained
with Ki-67 rabbit polyclonal antibody purchased from DAKO Ltd. (Cambridgeshire, United Kingdom). Gli-1 was immunostained with a goat polyclonal antibody Gli-1 (C-18, sc-6152; Santa Cruz Biotechnology, Santa Cruz,
CA) as described previously (12). Paraffin sections were immunostained as
described (12). Reaction product was visualized using diaminobenzidine as a
chromogenic substrate. Cultured cells expressing EGFP were visualized using
a light microscope (Leica DM IRB) fitted with a Krypton/Argon mixed-gas
laser for emitting excitation wavelength at 488 nm. Images were captured with
a digital imaging system (Leica DC200 imager with a DC Viewer software
V3.2; Leica Microsystems Ltd., Heerbrugg, Germany) attached to the microscope. Digitized fluorescence images were subsequently annotated using the
software Corel Draw/Photo-Paint V10 (Corel Corporation Ltd., Ontario,
Canada).
Plasmids Construction. A coding sequence of the human FOXM1b (nucleotides 108-2354, amino acids 1–748, U74163) was PCR amplified
(MultiBlock System; Hybaid Ltd., Ashford, Middlesex, United Kingdom)
using FoxF1 and FoxR1 primers from a FOXM1b (HFH11b) clone (18). The
purified PCR product was digested (HindIII-EcoRI) and inserted into plasmid
pEGFP-C3 (Clontech) to generate a fusion construct, pEGFP-FOXM1b, which
was later subcloned into a retroviral SIN-IP-GFP vector (28). SIN-IP-GFP was
digested with XhoI-EcoRI to remove the IP-GFP sequence and subsequently
ligated with the SalI-EcoRI digested CMV-EGFP-FOXM1b fragment (from a
modified version of pEGFP-FOXM1b with an adapter containing additional
restriction site SalI inserted into an AseI site upstream of CMV) to produce the
plasmid SIN-EGFP-FOXM1b. Gli1 coding cDNA (a kind gift from Dr. Kenneth Kinzler, Johns Hopkins Medical Institutions, Baltimore, MD; Ref. 29)
was amplified by PCR with the GliF and GliR primers. The Gel-purified
product was then digested (SacI-HindIII) and inserted into pEGFP-C3 to
generate a fusion construct pEGFP-Gli1. SIN-EGFP-Gli1 was generated using
an identical approach described for FOXM1b. All plasmid constructs described
were verified by restriction enzyme digestion and sequencing analyses
(BigDyeTM Terminator Cycle Sequencing Kit; Applied Biosystems).
A specific FOXM1-binding nucleotide sequence has been characterized
previously (no. 24 binding site; Ref. 18). The pair of complimentary oligonucleotides 5BS-F and 5BS-R were synthesized to create a sequence containing
five consecutive repeats of the no. 24 FOXM1 binding site (5BS) flanked with
sticky NheI-XhoI ends. The pair of oligonucleotides were annealed in a buffer
(75 mM NaCl, 5 mM Tris-HCl, and 0.5 mM EDTA) and heated to 95°C,
4774

XM_037235); FoxF1, 5⬘-GCGAAGCTT A108TGAAAACTAGCCCCCGT125-3⬘
and FoxR1, 5⬘-GCGGAATTCC2354TACTGTAGCTCAGGAAT2337-3⬘; FoxF2,
5⬘-GCGACTCTCGAGCATG728GAGAATTGTCACCTG743-3⬘ and FoxR2, 5⬘GCGCTACTCGAG T1136TCGGTTTTGATGGT1122-3⬘; FoxF3, 5⬘-G1145GGCGCACGGCGGAAGATGAA1165-3⬘ and FoxR3, 5⬘-C1523CACTCTTCCAAGGGAGGGCTC1502-3⬘. All three pairs of Fox primers were designed based on
HFH11b mRNA (U74613). FoxF2 and R2 primers encompass the WD and the
alternatively expressed A1 exon, whereas FoxF3 and R3 primers encompass A2
exon (see Fig. 2B). GliF, 5⬘-GCGGAGCTCA79TGTTCAACTCGATG A94-3⬘ and
GliR, 5⬘-GCGAAGCTTG3396GCACTAGAGTTGAG3382-3⬘; 5BS-F, 5⬘-CTAGC(TACGTTGTTAT TTGTTTTTTTCG)5C-3⬘ and 5BS-R, 5⬘-TCGAG(CGAAAAAAACAAATAACAACGTA)5G-3⬘.
Degenerate PCR and Northern Analysis. On the basis of previous study
(24, 25), the pair of degenerate primers FkhDF and FkhDR were designed to
amplify a PCR product containing the consensus KPPYSYI and WQNSIRH
amino acid sequences within the highly conserved WD. cDNA samples from
polled normal skin (n ⫽ 7), and BCCs (n ⫽ 7) were used as templates for the
degenerate PCR (Stragene Robocyler; Stragene, La Jolla, CA) under the
following cycling profile: initial denaturation (2 min, 94°C), followed by 40
cycles of 45 s at 94°C, annealing for 2 min at 51°C and elongation for 1 min
at 68°C, and terminated by a final elongation period at 68°C for 10 min.
Gel-purified and HindIII-SalI-digested PCR fragments were subcloned into
pGEM1 plasmid (Promega, Madison, WI). Clones were sequenced (BigDyeTM
Terminator Cycle Sequencing Kit; Applied Biosystems, Foster City, CA) and
identified by using the NCBI BLAST (http://www.ncbi.nlm.nih.gov/BLAST/)
sequence alignment analysis against the nucleotide databases. Putative
FOXM1-positive clones were further confirmed by sequencing analysis on
nonwinged-helix regions of the gene and Southern dot-blot hybridization (data
not shown). Northern analysis was performed as described previously (26).
Briefly, the cDNA probe for Northern hybridization of FOXM1 was generated
by PCR amplification (using FoxF1 and FoxR1 primers) from a FOXM1b
(HFH11b; Ref. 18) clone kindly provided by Dr. Robert Costa (University of
Illinois at Chicago, Chicago, IL). The cDNA probe for human ␤-actin was
PCR amplified using ␤ActinF and ␤ActinR primers from a normal human skin
genomic DNA. Gel-purified PCR products were subsequently labeled with
␣-32P dCTP (Amersham Pharmacia Biotech, Little Chalfont, United Kingdom)
using the MegaprimeTM DNA labeling system (Amersham). Poly-A⫹ mRNA
extracted from samples (as described in Ref. 26) was size-fractionated by
agarose gel-electrophoresis under formaldehyde (⬃6%) denaturing condition
and mRNA transferred onto hybridization membranes (Hybond-XL; Amersham). Membranes were hybridized (overnight at 42°C) with the 32P-labeled
probes. After a series of buffer washes, the membranes were exposed to a
Phosphor Screen and hybridization signals were detected using a Phosphorimager (Molecular Dynamics, Sunnyvale, CA).
RT-PCR. Poly-A⫹ mRNA was extracted directly from tissues or cells in
culture using the Dynabeads® mRNA DirectTM kit (Dynal ASA, Oslo, Norway), and purified mRNA was then reverse transcribed into cDNA using the
Reverse Transcription System kit (Promega). Control untranscribed mRNA
was used as a control for genomic DNA contamination in subsequent PCR
analysis. None of these mRNA controls produced any PCR products eliminating genomic DNA contamination as a confounding artifact. Furthermore, all
primers used in this study were designed to amplify products with exons
encompassing multiple introns, hence any genomic DNA contamination in
PCR would give rise to significantly larger sized products. Such contamination
has not occurred in the present study.
Real-Time Quantitative PCR. For quantification of FOXM1 mRNA transcripts, the pair of primers FoxF2 and FoxR2 were used to PCR amplify
(Hybaid MultiBlock System) the WD (⬃436 bp) of FOXM1 from a pooled
cDNA sample of primary human keratinocyte. The PCR product was purified
after gel electrophoresis and quantified densitometrically (Easy Plus Imaging
System; UVP Ltd., Cambridge, United Kingdom) using standard DNA quantification ladders. A serial dilution of this template FOXM1 cDNA was used
to generate a standard curve comprising 0.01–1000 fg (equivalent to a range of
21 to 2.1 ⫻ 106 copies of FOXM1 mRNA) using the LightCycler (see below).
The mRNA copy number of FOXM1 in each sample was determined from the
standard curve using the LightCycler quantification software as described
previously (27). The human GAPDH was used as a reference housekeeping
gene for all quantification of FOXM1 mRNA levels. The GapF and GapR
primers were used to PCR amplify a fragment (473 bp) of GAPDH from a
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Table 1 Identification of FOX genes by degenerate PCR and sequence hybridization
followed by gradual cooling to 25°C in a heating block. The resultant doublestranded product (121 bp) was gel purified and subsequently inserted into a
Number of clones
NheI-XhoI digested pGL3-promoter plasmid (pGL3p; Promega) to create the
Total
FOX
FOXM1
Putative FOX
pGL3p-5BS FOXM1 luciferase reporter plasmid.
Sample type
analyzed
clonesa
clonesb
clonesc
Retroviral Infection Experiments. Retroviral supernatant was produced
Normal human skin
48
28
13
FOXD4(5)
according to protocol described previously (28), except that the more efficient
FOXD1(2)
Phoenix retroviral packaging cells were used. Briefly, Phoenix cells were
FOXD2(10)
Cultured primary human
20
10
5
NDd
seeded in 6-cm dishes at 0.5 ⫻ 106 cells 24 h before transfection (25 l
keratinocytes
Transfast) with retroviral DNA construct (6 g). After 2 days, the transfected
BCCs
48
31
27
FOXD4(3)
cells were subcultured into 10-cm dishes with the addition of 1.25–2.5 g/ml
a
Initial number of clones identified to contain a WD sequence.
b
puromycin for selection of transfected cells. Once 90% confluent, cells were
FOXM1-positive clones were further confirmed by Northern (see Fig. 1A) and
replaced with normal culture medium without puromycin, and supernatant dot-blot hybridization (data not shown) and by sequencing analysis on nonwinged-helix
of the gene.
containing retrovirus was collected once daily two to three times postconfluent. regions
c
Identity of these putative FOX clones (number of clones) have not been fully
Retroviral supernatant was aliquoted and snap frozen in liquid nitrogen and characterized.
d
Not determined.
stored at ⫺80°C until use. Cells to be infected were plated at 105 cells/well into
6-well plates 24 h before infection. Each well was preincubated for 10 min in
1 ml of growth medium containing 5 g/ml Polybrene (hexadimethrine bromide; Sigma) before replacing with 1 ml of retroviral supernatant containing RESULTS
the same concentration of Polybrene. The 6-well plate was then centrifuged
Identification and Quantification of FOXM1 mRNA in Normal
(350 ⫻ g at 32°C for 1 h) before retroviral supernatant was replaced with
normal growth medium. Transduced cells were incubated for at least 24 h Skin and BCCs. To identify changes in FOX gene expression associated with activation of Shh signaling in human skin, we used
before being used for additional experiments.
Cell Culture. Primary human keratinocytes and telomerase-immortalized degenerate PCR to compare pooled RNA from normal skin, cultured
N/TERT human keratinocytes (30) were cocultured with ␥-irradiated mouse primary keratinocytes, and BCC samples (Table 1). More than 58%
dermal fibroblasts (SWS-3T3) as described previously (31). The immortalised (28 of 48 clones) of normal skin, 50% (10 of 20) of cultured keratihuman keratinocyte cell line HaCat and the SCC-derived immortal keratino- nocytes, and 65% (31 of 48) of BCC clones analyzed matched DNA
cyte cell line RTS-3b (32) was maintained in DMEM supplemented with 25% binding domain of known FOX sequences (including FOXD1,
Ham’s F12 medium, 10% FCS, and various mitogens (0.4 g/ml hydrocorti- FOXD2, and FOXD4).6 We did not detect expression of known
sone, 0.1 nM cholera toxin, 5 g/ml transferrin, 20 pM lyothyronine, 0.18 mM Shh-activated FOX genes, such as Foxa2 (HNF-3␤; Ref. 15) and
adenine, 5 g/ml insulin, and 10 ng/ml epidermal growth factor). Other Foxf1 (FREAC-1 or HFH-8; Ref. 17). Among our FOX-positive
established cell lines [human melanoma A375, human fibrosarcoma HT1080, clones, 46% (13 of 28 normal skin), 50% (5 of 10 keratinocytes) and
human embryonic epithelial 293T, Phoenix (293T-derived), and mouse mes- 87% (27 of 31 BCC) were confirmed to be FOXM1 by PCR, Southern
enchymal stem-cell C3H10T1/2] were all cultured in DMEM supplemented
dot-blot hybridization and nucleotide sequencing analyses. FOXM1
with 10% FCS. All cells were grown at 37°C in a humidified atmosphere of 5%
has not been previously shown to be expressed in human skin or BCC.
CO2/95% air.
Using Northern blot and densitometric quantification analysis (Fig.
Transfection and FOXM1 Reporter Activity Assay. Retrovirally trans1A), we showed that FOXM1 mRNA was dramatically increased in
5
duced cells were seeded in 6-well plates at 10 cells/well 24 h before transBCCs (FOXM1:␤-Actin ratio, 1.89 ⫾ 0.31, n ⫽ 4) but not in normal
fection using TransfastTM Reagent (Promega). For FOXM1 reporter assay,
human
skin (0.06, n ⫽ 2) and cultured primary human keratinocytes
each well was transfected with 20 l of Transfast containing 1 g of reporter
(K°,
0.61
⫾ 0.02, n ⫽ 2). FOXM1 mRNA has been shown to be
plasmid pGL3p-5BS and 1 g of pcDNA3.1-LacZ (Invitrogen, San Diego,
CA). Transfected cells were harvested 24 h posttransfection. Cell lysate was up-regulated in proliferating HeLa cells (18), and hence it was invortexed and centrifuged to remove debris, and the supernatant was then cluded as a FOXM1-positive control in the Northern blot analysis
assayed for luciferase activity using the Luciferase Assay System (Promega) (Fig. 1A). Because Northern analysis is qualitative rather than quanand ␤-galactosidase activity using Chlorophenolred-␤-D-galactopyranoside titative, we have resorted to use the LightCycler-based real-time
(Roche Biochemicals, England, UK) as substrate. Both luminescence and quantitative RT-PCR technique to verify the up-regulation of FOXM1
absorbance (595 nm) values were determined using a microtiter platereader mRNA in BCCs (Fig. 1B). In agreement with the Northern blot
(VICTOR2 Multilabel Counter; Wallac Oy, Turku, Finland). Luminescence analysis, FOXM1 mRNA level in BCC (mean ⬃6.45 copies of
data of each sample were normalized for transfection efficiency using the level FOXM1 mRNA normalized to 1000 copies of GAPDH mRNA) was
of ␤-galactosidase activity in the same sample. All data were subsequently significantly higher (⬃3.4-fold; P ⬍ 0.05, Student’s t test) than in
expressed as a percentage of normalized luminescence over controls. Statistical normal skin (⬃1.90 copies). To determine whether FOXM1 expresanalysis was performed using the GraphPad InStat software (V2.04a; Graph- sion was specific to BCC and not simply a reflection of increased
Pad Software, San Diego, CA) for Student’s t test analysis.
proliferation, we investigated FOXM1 expression in cutaneous SCCs
Alkaline Phosphatase Assay and Cytochemistry. Retrovirally transduced and proliferating primary keratinocytes. Although FOXM1 mRNA
C3H10T1/2 cells grown in 6-well plates were harvested after 3 days postin- level was slightly elevated in both SCCs (⬃2.65 copies) and keratifection. Each cell lysate was vortexed and centrifuged to remove debris. AP
nocytes (⬃3.13 copies) over normal skin (⬃1.90 copies), these inwas assayed in a 96-well plate using a p-nitrophenyl phosphate substrate-based
creases were not statistically significant.
AP detection kit (Sigma), according to manufacturer’s protocol. Absorbance
Differential Expression of FOXM1 mRNA Isoforms in Skin
(at 405 nm) was measured (after 1–2 h 37°C incubation) with a platereader.
Tissues and Cultured Cells. Having established that FOXM1 exProtein concentration of each sample was measured (at 595 nm) in parallel
pression is increased in BCCs, we went on to characterize which
using the protein dye Bradford (Sigma) method. AP activity of each sample
was normalized for protein concentration and subsequently expressed as a FOXM1 isoforms are expressed. The genomic structure of FOXM1
percentage of normalized AP activity over untreated controls. For cytochem- gene has been mapped to chromosome 12p13.3 (Genomic Contig;
ical staining of AP, transduced C3H10T1/2 cells grown on glass coverslips GenBank accession no. NT 009759) consisting of nine exons, two
placed in 6-well plates were used. AP within cells was detected using a Fast of which (A1 and A2) are alternatively expressed giving rise to three
Red Violet naphthol AS-BI phosphate substrate-based AP detection kit (Sig6
ma) according to manufacturer’s procedure.
S-T. Wong and A. G. Quinn, unpublished data.
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epidermis or the surrounding stromal cells (Fig. 4B). Although
FOXM1 has previously been shown to be involved in cell proliferation (19, 22, 34, 35), its immunoreactivity pattern in BCC was distinct
from that of proliferation markers such as Ki-67 (Fig. 4F) and proliferating cell nuclear antigen (data not shown), which were predominantly localized to the peripheral cell layers of the tumor islands.
Within the BCC tumor islands, FOXM1 immunoreactivity was found
in both the cytoplasmic and nuclear compartments (Fig. 4, C–E). Of

Fig. 1. Quantification of FOXM1 mRNA in human skin samples. A, Northern hybridization of FOXM1 and ␤-actin on skin and cultured cell samples. Each band was
densitometrically quantified and subsequently expressed as FOXM1:Actin (Fox:Act)
ratios. This experiment is a representative of two Northern blots with similar results. B,
real-time quantitative RT-PCR of FOXM1 mRNA levels (mRNA copy number/1000
copies of GAPDH), using the LightCycler technique, on various human skin samples.
Each bar represents a mean ⫾ SE of the indicated number of samples tested. The asterisk
represents data significantly different (P ⬍ 0.05; Student’s t test). NS, normal nonhairy
skin; K°, primary cultured human keratinocytes.

differentially expressed mRNA isoforms (Refs. 18 and 33; summarized in Fig. 2A). However, little is known about the expression profile
of these isoforms in cells or tissues. We have used a semiquantitative
RT-PCR method to investigate the relative expression of the three
mRNA isoforms (a, b, and c) in various normal and tumor skin tissues
and cultured cells using two pairs of primers (FoxF2, R2, F3 and R3;
see Figs. 2B and 3A) designed to amplify across the two alternatively
expressed A1 and A2 exons. All three mRNA isoforms were detectable by PCR in all tissues and cell samples studied although with
differential pattern of expression between skin tissues and skinderived cultured cells (Fig. 3, A and B). We found a predominant
expression of FOXM1b isoform in BCCs, SCCs, and normal human
skin including hair-bearing skin, whereas FOXM1c isoform was relatively more abundant in cultured cells including primary human
keratinocytes (results are summarized in Fig. 3B).
FOXM1 Protein Is Abundantly Expressed in BCC but Not in
Normal Human Skin or SCC. To further investigate FOXM1 expression in BCCs, we used a previously characterized FOXM1 rabbit
polyclonal antibody (18) to immunostain a panel of BCCs from our
pathology archives. In keeping with our quantitative RT-PCR results,
all seven BCCs examined showed intense extensive positive immunoreactivity throughout the tumor islands (Fig. 4, A–E). The antibody
detected only a low level of FOXM1 protein in normal interfollicular

Fig. 3. Relative expression of the three isoforms of FOXM1, determined by semiquantitative RT-PCR by qualitative scoring of the amount of PCR products amplified using
two pairs of FOXM1 primers on various skin tissues and skin-derived cultured cells. A,
representative gel images of PCR products amplified by FoxF2 versus R2 (for exon A1)
and F3 versus R3 (for exon A2) primer pairs, respective positions (not to scale; please
refer to Fig. 2B for more accurate positions on FOXM1) are indicated on the left of the
gel images. GAPDH was used as internal control for each sample. These experiments have
been repeated three to four times with similar results and are summarized in B. NS, normal
nonhairy skin; HS, hairy skin; K°, primary cultured keratinocytes; HaCat, immortalized
keratinocyte line; A375, melanoma cell line; DP, primary cultured dermal papilla cells
from hair follicle; CTS, connective tissue sheaths cell line; SZ95, sebaceous gland cell line.

Fig. 2. Genomic structure and coding isoforms of FOXM1 gene. A, schematic representation of the genomic structure of FOXM1 gene (18, 33) located in human chromosome
12p13.3 (Genomic Contig; GenBank accession no. NT 009759). The FOXM1 gene consists of seven (I-VII) exons plus two alternatively expressed exons (A1 and A2, 22) generating
three alternatively spliced coding isoforms known to date. Exon A2 has been shown to be a transcriptional repressor, whereas exon A1 did not show any apparent transcriptional
significance (18).
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Fig. 4. Pattern of FOXM1 protein expression in
BCCs and cultured cells. A, immunoreactivity of
FOXM1 protein showed a homogenous staining
throughout the BCC tumor island but not in an
adjacent patch of normal epidermis (open arrowhead, see inset magnified in B) or the adjacent
stroma cells. The filled arrowhead shows FOXM1
immunoreactivity in a presumed early downbudding (inset magnified in B) of a BCC tumor.
C–E, higher magnification (⫻400) of another three
BCC samples showed both cytoplasmic and nuclear immunoreactivity of FOXM1 protein
throughout the tumor. F, Ki-67 immunoreactive
proliferating cells are localized mainly to the peripheral rim of BCC tumor island. G and H, serial
sections of Gli1 (G) and FOXM1 (H) immunoreactivity within the same BCC sample. I, example of
FOXM1 immunoreactivity (low/negative staining)
in SCC. Similar pattern of FOXM1 immunoreactivity was observed in three other SCC samples
(data not shown). J, brightfield (i, iv, vii, x, xiii, xvi)
and fluorescence (ii, v, viii, xi, xiv, xvii) images of
retrovirally transduced primary human keratinocytes, N/TERT, HaCat, A375, and C3H10T1/2
cells expressing either EGFP control (in primary
keratinocytes, i–iii) or EGFP-FOXM1b fusion protein (iv–xv). The fluorescence and brightfield
images were merged (iii, vi, ix, xii, xv, xviii) to
illustrate the intracellular distribution of the fluorescence proteins.

the seven BCCs studied, three BCCs showed predominantly cytoplasmic staining, two BCC showed predominantly nuclear, and two BCCs
showed a mixed pattern of positive FOXM1 immunostaining (see
examples in Fig. 4, A–E, and data not shown). Serial sections of a
BCC tumor sample showed that Gli1 protein (Fig. 4G) was coexpressed with FOXM1 (Fig. 4H) exclusively within the same BCC
tumor. SCCs (n ⫽ 4) showed negative immunoreactivity for FOXM1
(see an example in Fig. 4I).
Intracellular Localization of EGFP-FOXM1b Fusion Protein in
Live Cells. To further study the intracellular localization of FOXM1,
we expressed an EGFP-FOXM1b fusion protein in a number of skinand nonskin-related cell types including primary human keratinocytes,
the immortalised human keratinocyte cell lines N/TERT and HaCat,

the melanoma cell line A375, and the mouse mesenchymal stem cell
line C3H10T1/2. Because of the low transfection efficiency on primary keratinocytes using conventional lipid-based transfection
method, we have used a highly efficient (⬎95%), sustained gene
expression system using retroviral infection (28). In all these cell
types (Fig. 4J), as well as a range of other cell types we have tested
including an epithelial cell line HeLa, fibrosarcoma cell line HT1080,
embryonic epithelial cell line 293T, and an SCC tumor line RTS-3b
(data not shown), EGFP-FOXM1 fluorescence was only seen in the
nucleus and predominantly in mitotic cells. Cytoplasmic localization
of EGFP-FOXM1 fluorescence has not been observed in this study.
FOXM1 Expression is Up-regulated by Gli1. FOXM1b is
known to have a role in cell cycle (18, 19, 22, 23, 35, 36), and its
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Fig. 5. Induction of FOXM1 mRNA and transcription activity by Gli1 in cultured cells.
A, retrovirally transduced primary human keratinocytes were harvested 72 h postinfection
for quantitative RT-PCR to determine the levels of FOXM1 mRNA (copy number/1000
copies of GAPDH). Each bar represents a mean ⫾ SE of the indicated number of samples
tested. The asterisk indicates that FOXM1 mRNA level is significantly (P ⬍ 0.05) higher
than mock- or EGFP-infected cells. B, Luciferase reporter assay for FOXM1 in retrovirally transduced C3H10T1/2 cells. Each bar represents a mean ⫾ SE of triplicates. The
three asterisks indicate that FOXM1 luciferase reporter (pGL3p-5BS) activity is highly
significant (P ⬍ 0.001) over mock- or EGFP-infected cells. This experiment has been
repeated at least three times with similar results. Activation of the FOXM1 reporter by
Gli1 was also seen in a number of other human cell lines such as HaCat, HeLa, HT1080,
and 293T (data not shown).

expression is initiated during G1 and peaked at G2/M phase of the cell
cycle (19). To determine whether FOXM1 transcription can be regulated independently of the cell cycle by Shh signaling, we have
investigated the effect of expressing Gli1, a transcriptional activator
that mediates Shh signaling in keratinocytes (12, 13), on FOXM1
gene expression and reporter activity. FOXM1 mRNA level was
significantly elevated (⬃3-fold) in EGFP-Gli1-infected compared
with mock- or EGFP-infected keratinocytes (Fig. 5A). In agreement,
the transcription activity of FOXM1 was significantly activated
(⬃9.4-fold) in retrovirally transduced C3H10T1/2 cells expressing
EGFP-Gli1 but not in mock- or EGFP-infected cells (Fig. 5B). The
EGFP-Gli1-induced levels of FOXM1 mRNA (Fig. 5A) and reporter
activity (Fig. 5B) were comparable with that activated by the positive
control EGFP-FOXM1b, indicating that the Gli1-induced FOXM1
mRNA and transcriptional activity reached saturation levels. We have
found that Gli1 increased FOXM1 transcriptional activity in all of the
human (HaCat, HeLa, HT1080, 293T; data not shown) and murine
(C3H10T1/2, Fig. 5B) cell lines studied.
Gli1-induced AP Activity Is Independent of FOXM1 in
C3H10T1/2 Cells. Activation of an endogenous AP in C3H10T1/2
cells is well characterized and has been widely used as a bioassay for
investigating Shh signaling (37–39). We have used this cell-based
model system to further investigate the role of FOXM1 in Shh
signaling (Fig. 6). As expected, retrovirally transduced C3H10T1/2
cells expressing EGFP-Gli1 dramatically elevated (⬎18-fold) AP
activity over EGFP-expressing cells (Fig. 6B). Retinoic acid (1 M,
24 h pretreatment), a known activator of AP in these cells (40, 41),
induced a moderate 10-fold AP activation in mock-infected cells over
EGFP-expressing cells. In contrast, AP activity was not activated in
EGFP-FOXM1b-expressing cells (Fig. 6B).

expression of these genes in the skin. In this study, we have used
degenerate PCR to investigate forkhead gene expression and have
established that FOXM1, a forkhead gene not previously known to be
expressed in human skin, is markedly up-regulated in BCCs, a common keratinocyte-derived Caucasian skin cancer. FOXM1 is known to
be ubiquitously expressed in proliferating cells in the mouse embryo
and in many cultured cell lines (18 –21). In human adult tissue,
however, FOXM1 shows a more restricted expression pattern with
high expression in the thymus, small intestine, and testis and moderate
expression in the ovary (18). We and others have previously established that BCCs are characterized by activated Shh signaling as
evidenced by increased expression of the Gli1 transcription factor
(11–14). While the increased FOXM1 expression in BCCs could be a
reflection of increased cellular proliferation, quantification of FOXM1
mRNA by real-time RT-PCR showed that the marked increase in
expression in BCCs was specific to this tumor type and was not seen
in cutaneous SCCs that are also hyperproliferative tumors. Increased
FOXM1 expression was also not found in proliferating primary human keratinocytes in vitro. Furthermore, we did not find expression
(by degenerate PCR) of known Shh-activated FOX genes, such as
Foxa2 (HNF-3␤; Ref. 15) and Foxf1 (FREAC-1 or HFH-8; Ref. 17),
in neither BCCs nor normal human skin. These findings suggest that
the elevation of FOXM1 expression is a characteristic of BCCs and
not simply a reflection of increased cell proliferation. This is further
supported by our immunostaining studies using a previously characterized FOXM1 antibody (18) that revealed that FOXM1 was uniformly expressed within BCC tumor islands and not confined to
peripheral regions of the tumor where proliferating cells (identified
using proliferation markers such as PCNA and Ki-67) are predominantly localized. Our observations suggest that FOXM1 expression
may under some circumstances be subjected to regulation by noncell
cycle-dependent factors because it is unlikely that the extensive expression of FOXM1 within BCC tumor islands is a reflection of cell
cycle-related expression alone.
Dissociation between the cell cycle and FOXM1 expression has
also been observed during liver regeneration in response to partial
hepatectomy where expression of FOXM1 peaks at least 4 h before
the onset of DNA replication measured using bromodeoxyuridine
incorporation studies (18, 22). In this liver model, FOXM1 immunoreactivity was also found in both the cytoplasmic and nuclear com-

DISCUSSION
FOX proteins have been shown to play an important role in regulating the expression of genes involved in proliferation and differentiation in many tissues. The functional importance of this family of
transcription factors in normal skin biology and their role in skin
diseases is unclear because there is a paucity of information on the

Fig. 6. FOXM1 activity in the C3H10T1/2 cells. A, cytochemical detection of AP
activity (dark-colored cells) within C3H10T1/2 cells. Mock-infected cells treated with
retinoic acid (1 M, 24 h) were used as a positive control for AP induction. B, a parallel
experiment was performed to quantify the relative levels of AP activity in the corresponding infected cells. Each bar represents a mean ⫾ SE of triplicates. The three asterisks
indicate AP activity is significantly (P ⬍ 0.001) activated. These experiments have been
repeated at least five times with reproducible results.
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partments within the hepatocytes. However, nuclear translocation of
FOXM1 in the hepatocytes seems to be regulated by mitogenic
signaling induced by partial hepatectomy, and this translocation is
critical for transcriptional activation of FOXM1 target genes (18, 22,
23). In BCCs the subcellular localization of FOXM1 appears to be
more complex with evidence of heterogeneity in tumor samples from
different patients. The basis for the heterogeneity and the functional
implications of this for the development of this tumor are at present
unclear. To further investigate the cellular localization of FOXM1
in keratinocytes, we generated an EGFP-FOXM1b fusion construct.
In contrast to the mixed cytoplasmic and nuclear localization seen in
keratinocytes within BCC tumor islands in vivo, FOXM1 protein was
found to be localized predominantly to the nuclei in primary human
keratinocytes and a variety of human and murine immortalised cell
lines grown in standard culture conditions in vitro (Fig. 4J). The basis
for the differences in the distribution of FOXM1 between expressing
cells cultured in vitro and expressing cells in vivo in BCCs and
regenerating liver is not known. The observed differences in the
localization of FOXM1 in regenerating hepatocytes between carbon
tetrachloride (23) and partial hepatectomy models (18, 22) suggest
that while FOXM1 can accelerate hepatocyte regeneration, its subcellular localization regulation and activity is complex and dependent on
the nature of the proliferation-inducing stimulus.
A number of FOXM1 isoforms have been identified in previous
studies. Genomic structural studies have shown that the human
FOXM1 gene maps to chromosome 12p13.3 and consists of nine
exons, two of which (A1 and A2) are alternatively expressed (summarized in Fig. 2B; Refs. 18 and 33). This gives rise to three different
isoforms (a, b, and c). The FOXM1b and c isoforms have been
previously shown to be transcriptionally active because of the absence
of the inhibitory sequence coded by exon A2. The presence of this
exon A2 in isoform FOXM1a renders it transcriptionally inactive (18).
Having identified that FOXM1 expression is increased in BCCs, we
have shown using RT-PCR that all three known FOXM1 mRNA
isoforms were expressed in human skin and cultured cells (Fig. 3),
with FOXM1b being the predominant isoform expressed in BCCs.
The identification of FOXM1 up-regulation in BCCs suggests that
the FOXM1 gene may be regulated by Shh signaling. Although
FOXM1 has not been previously identified as a downstream target of
Shh signaling, other forkhead genes including Foxa2, Foxd2, and
Foxf1 have been shown to be directly regulated by Shh in some tissues
during murine embryonic development (15–17). We have shown that
constitutive expression of the transcription factor Gli1, a known target
of Shh signaling in mammalian cells, leads to a marked increase in
FOXM1 mRNA expression in primary human keratinocytes. Furthermore, we observed coexpression of Gli1 and FOXM1 proteins within
the same BCC tumor sample (Fig. 4, G and H). The increased FOXM1
mRNA expression correlates with an increase in FOXM1 transcriptional activity in Gli1 expressing human and murine cell lines. These
observations place FOXM1 downstream of the Gli1 transcription
factor and suggest that the regulation of FOXM1 by hedgehog signaling may be an evolutionarily conserved response. Although we
have not determined if FOXM1 was a direct transcriptional target of
Gli1, a putative Gli-binding element (GCCCACCCA), shows a 1
nucleotide difference (underlined) from a previously identified nine
nucleotides Gli-binding sequence (GACCACCCA; Ref. 42), was
found at position 2198 –2206 of the FOXM1 promoter (GenBank
accession no. Y12773). This Gli-binding element is approximately
230 bp upstream of the predicted FOXM1 transcriptional start site
(33). Although this putative Gli-binding site is located within a
⬃300-bp fragment responsible for the cell cycle-specific regulation of
FOXM1 expression, it has also been shown that proteins expressed in
quiescent and non S-phase cells also interact with this fragment (33),

indicating that FOXM1 expression may be regulated by cell cycleindependent proteins.
Shh is known to exhibit context-dependent morphorgenic activities
in some tissues (reviewed in Ref. 6). To investigate the morphorgenic
aspect of Shh activity that may be mediated by FOXM1 activation, we
used the C3H10T1/2 mouse mesenchymal cell line that shows a
Shh-dependent activation of an endogenous AP, which can be easily
quantified (37–39, 43– 45). As expected, overexpression of Gli1 dramatically activated AP activity in these cells. However, overexpression of FOXM1b did not activate AP activity in this cell line, suggesting that FOXM1 is not mediating the morphorgenic signal of Shh
via Gli1, which executes the AP-dependent osteoblastic differentiation program in this model system. Shh is also known to act as a
mitogen regulating cell proliferation in some tissues (reviewed in Ref.
6). In keratinocytes Shh pathway activation leads to increased epidermal proliferation and the formation of epidermal down-growths that
closely resemble BCCs (14), and it has been suggested that this
pathway promotes cell cycle progression by inhibiting signals for cell
cycle exit or terminal differentiation (46). Similarly, proliferative
signaling by Shh is required for the normal expansion of cerebellar
granule neurone precursor cells during development, and activation
of this pathway is associated with cerebellar tumor development
(6, 47, 48).
Although our observations suggest that FOXM1 expression is regulated by a cell-cycle-independent mechanism, studies of FOXM1 transgenic (18, 22) and knockout (35) mice indicate that FOXM1 plays a role
in cell proliferation. In vivo ectopic expression of FOXM1 in hepatocytes
in transgenic mice is associated with accelerated entry into S-phase
and mitosis (22). In vitro FOXM1 overexpression in cells produces a
subtle growth stimulating phenotype that is only detectable following
serum deprivation (49). The effects of FOXM1 on the cell cycle are
similar to those described in cerebellar granule cultures in response to
Shh expression (reviewed in Ref. 6). In this system, Shh promotes
DNA synthesis in immature granule cells following serum withdrawal, and this is associated with elevated cyclin D1 levels. The
persistent expression of cyclin D1 in this model in response to Shh
signaling is similar to the protracted expression of cyclin D1 seen in
the transgenic FOXM1-expressing hepatocytes during liver regeneration in response to partial hepatectomy. The similarities between the
cell cycle effects seen in these two models is important in the context
of our demonstration of a link between Shh signaling and FOXM1
expression for two reasons. First, it raises the possibility that the
increase in FOXM1 expression in response to partial hepatectomy
could be mediated by activation of Shh signaling. Second, it suggests
that the cell cycle effects seen in the cerebellar-granule cell model
could be because of an increase in FOXM1 expression. In our
preliminary experiment, constitutive overexpression of FOXM1b
by retroviral infection of primary keratinocytes did not alter the
DNA-content profile (stained by propedium-iodide) of the cell
cycle as assayed by fluorescence-activated cell sorting technique.7
Further work is required to establish if FOXM1 produces a subtle
effect on keratinocyte growth in vitro. It will also be important in
future studies to determine whether the missing link in the partial
hepatectomy and cerebellar granule neurone precursor models is
the inter-relationship between the Shh signal transduction pathway
and the forkhead gene FOXM1, which we have established from
our analysis of BCCs in this study.

7

M-T. Teh and A. G. Quinn, unpublished data.
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