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Abstract

FOXML1 is an oncogenic transcription factor of the Forkhead family and it has a well-defined role
in cell proliferation and cell cycle progression. Expression of FOXML is excluded in quiescent or
differentiated cells, but its level is highly elevated in proliferating and malignant cells.
Overexpression of FOXML1 has been reported in more than 20 types of human cancer. In recent
years, FOXM1 has been implicated in diverse cellular processes and also a growing body of
experimental data has underlined the relevance of FOXMZ1 in tumorigenesis. Although FOXML1 is
under the control of three major tumor suppressors (RB, p53, p19ARF), it is still active in the
majority of human cancers. The oncogenic potential of FOXM1 is mainly based on its ability to
transcriptionally activate genes that are involved in different facets of cancer development. In this
review, the contribution of FOXML1 to each of the hallmarks of cancer will be summarized and
discussed.
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1. Introduction

Mammalian transcription factor Forkhead Box M1 (FOXM1) belongs to the extensive
family of Forkhead transcription factors, whose members are characterized by a 100 amino
acid long, evolutionarily conserved DNA binding domain called Forkhead or winged-helix
domain (1). Forkhead family members are involved in a wide range of biological processes
including embryogenesis, proliferation, differentiation, apoptosis, transformation,
tumorigenesis, longevity and metabolic homeostasis (2). FOXM1, previously known in the
literature as Trident (mouse), WIN or INS-1 (rat), FKHL-16, MPP-2 (partial human cDNA)
or HFH-11 (human) is uniquely proliferation associated among the family members (1).
However, over the years the cellular functions of FOXM1 have been extended to cell
migration, invasiveness, vascular permeability, angiogenesis, surfactant homeostasis,
oxidative stress and inflammation (2). Alternative splicing of two exons gives rise to three
isoforms of FOXML, the transcriptionally active FOXM1b and c, and the transcriptionally
inactive FOXM1a splice variants (1). For simplicity we will refer to the different isoforms as
FOXML1 in this review.
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2. FOXML1 is a bona-fide cell cycle regulator in normal cells

The expression and the transcriptional activity of FOXM1 depend on the progression of the
cell cycle (1). FOXM1 mRNA and protein levels are diminished in quiescent cells, but both
are upregulated in the late G1-phase of the cell cycle and persist throughout the G2 and M-
phases (1). Furthermore, FOXM1 expression correlates with the proliferative state of the
cell. During embryonic development FOXM1 is ubiquitously expressed in embryonic tissues
(1), especially in proliferating epithelial and mesenchymal cells. In adult tissues, FOXM1
expression is confined to actively dividing cells of the thymus, testis, colon and intestine, but
mainly its expression is eliminated in resting or terminally differentiated cells (1). However,
FOXML1 expression is induced in adult cell types by mitogenic stimuli, by tissue injury, or
by oxidative stress (1). The transcriptional activity of FOXM1 correlates with its
phosphorylation level. Both gradually increase as cells progress through the cell cycle
reaching maximum levels at the G2/M transition. FOXML1 is initially phosphorylated in G1
and then further phosphorylated in a sequential order by multiple protein kinases including
Cdk-cyclin complexes and mitogenic kinases in the S and G2/M phases of the cell cycle
generating the hyperphosphorylated and fully active form of FOXM1 by the G2/M-phase (1,
3, 4). Screen for inhibitors of FOXM1 transactivation uncovered a unique mode of its
transcriptional regulation. Our group has demonstrated that inhibitors of FOXM1 not only
inhibit FOXML as a transcription factor, but they also downregulate the mRNA and protein
expression of FOXM1. These data suggest that FOXML1 is involved in a positive
autoregulatory loop, wherein FOXM1 induces its own transcription (5) and it may bind to its
own promoter. However, the functional significance of FOXM1 autoregulation in the
context of normal cell cycle progression still remains elusive.

A large cohort of mouse studies provided evidence for a pivotal role of FOXML1 in the
regulation of cell proliferation and cell cycle progression. Ectopic expression of FOXM1 in
non-regenerating liver cells did not induce aberrant hepatocyte proliferation (6). However,
when these FOXM1-overexpressing transgenic mice were subjected to partial hepatectomy
earlier onset of hepatocyte DNA-replication and mitosis occurred accompanying by
premature expression of cell cycle regulatory genes (6). Complete deletion of FOXML1 is
embryonic lethal due to developmental defects in major organs (7, 8). FOXM1-/- mouse
embryos exhibited increased polyploidy in cardiomyocytes and hepatocytes suggesting that
FOXML1 is required to prevent cells from reentering DNA replication before mitosis (7, 9).
Also, FOXM1 knockout mouse embryos showed reduced cell proliferation in the liver (7)
and the lung (8) supporting the fact that FOXML1 is not only expressed in dividing cells, but
it is essential for normal cell proliferation and cell cycle progression.

Additional studies conducted in cell culture uncovered a network of genes intimately
involved in cell cycle progression that are under the direct transcriptional regulation of
FOXM1. FOXM1 was shown to be critical for G1/S and G2/M transition, mitotic
progression and the maintenance of chromosome stability (10-12). The significance of
FOXML1 in cell cycle progression was further supported by depletion studies. FOXM1 is
required for the execution of the mitotic program since FOXM1 depleted cells did not
advance beyond the prophase stage of mitosis (10). Also, loss of FOXM1 resulted in cell
cycle abnormalities including a delay in G2/M progression, chromosome missegregation and
failure of cytokinesis (10-12).

Since FOXM1 is such a critical regulator of the cell cycle, its activity is tightly controlled to
provide orderly expression of its downstream effectors and to prevent uncontrolled cell
proliferation. Subsequent phosphorylation of FOXML1 is the driving force behind its activity
during cell cycle progression and not surprisingly rapid dephosphorylation of FOXM1
occurs when cells are exiting mitosis (3). FOXML1 protein is also targeted for proteasomal
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degradation by the APC/C-Cdh1 complex in late mitosis and early G1 phases of the cell
cycle (13). Paradoxically, FOXM1 expression is inhibited by proteasome inhibitors (14).
However, inhibition of FOXM1 by proteasome inhibitors contradicts their nature to stabilize
the expression of the majority of cellular proteins. To resolve this paradox, we propose that
proteasome inhibitors stabilize a negative regulator of FOXM1 (NRFM) (15, 16). In the
absence of proteasome inhibitors FOXML1 is expressed due to the positive feedback loop
where FOXML1 transcriptional activity is required for its expression. Following proteasomal
inhibition the hypothetical NRFM gets stabilized and either directly or indirectly inhibits
FOXML1 transcriptional activity leading to the suppression of FOXM1 expression as a result
of the positive autoregulatory loop (5, 15). Since, FOXM1 is considered as one of the main
targets of proteasome inhibitors (17), it is tempting to speculate that the specificity of
proteasome inhibitors to cancer cells is linked to the expression of FOXML1 in cancer, but
not in normal cells. Direct interaction with tumor suppressor RB (18), B55a,, a regulatory
subunit of PP2A phosphatase (19) and between its own N-terminal domain and C-terminal
transactivation domain (TAD) (20) in the G1-phase also contributes to the negative
modulation of FOXML1 transcriptional activity in the early stages of the cell cycle. However,
it needs to be emphasized that FOXM1 is not completely transcriptionally inactive in G1/S
phase (20) since it regulates transcription of genes responsible for G1/S transition (1) and it
is important for regulated S-phase entry in regenerating hepatocytes (6). In G1/S phase the
transcriptional activity of FOXML1 is lower than in G2/M phase as a result of the above
discussed regulatory mechanisms (20).

3. Oncogenic FOXM1 is overexpressed in human cancer cells

Elevated expression of FOXM1 has been detected in a broad range of cancer cell lines and
cancer types examined so far, suggesting that FOXML1 is essential for tumor cell
proliferation (1, 2, 21). Generally, increased expression of FOXM1 in tumors is associated
with advanced tumor stage, high proliferation rate and poor prognosis (22), suggesting that
FOXML1 could be a novel prognostic marker for cancer patients.

A mounting body of evidence suggests that FOXM1 contributes to oncogenesis.
Overexpression of FOXML1 increased invasion (23), angiogenesis (24, 25) and the
anchorage-independent growth potential of cancer cells /n vitro (22, 26). Overexpression of
FOXML1 in human cancer cell lines also increased their tumorigenicity in xenograft models
(22, 25). Conversely, RNAi-mediated knockdown of FOXML1 in cancer cells decreased
proliferation (10, 11), migration, invasion, angiogenic capacity (23-25) and anchorage-
independent growth in soft agar /in vitro (22, 27-29). Moreover, FOXM1 suppression
inhibited xenograft tumor growth of human cancer cells in nude mice (22, 24, 25, 28, 29),
suggesting that FOXM1 has an essential role in regulating the tumorigenecity of human
cancer cells. Overexpression of FOXM1 in TRAMP or LADY transgenic mice, two well-
established mouse models of prostate cancer, accelerated the development, proliferation and
growth of prostate tumors, suggesting that FOXM1 plays an important role in prostate
cancer progression (30). Conditional deletion of FOXML in the liver before DEN/PB
treatment resulted in diminished proliferation and resistance to HCC (26). A decrease in the
number and size of lung tumors as a result of diminished proliferation was observed when
FOXM1 was conditionally deleted in all cell types of the lung prior to treatment with
urethane (31). Conditional deletion of FOXML1 in respiratory epithelial cells before urethane
or MCA/BHT treatment (32), or in pulmonary macrophages prior to treatment with MCA/
BHT (33) also compromised lung tumor formation. FOXM1 overexpression is associated
with an increase in proliferation and tumorigenecity of cancer cells, while FOXM1 depletion
decreases proliferation and inhibits tumorigenesis, suggesting that FOXML1 is involved in
the formation, the proliferative expansion and the progression of tumors. However, the data
that OCI/AML3 leukemia cell line with inactive, uncharacteristically cytoplasmic FOXM1
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is still tumorigenic (29, 34) suggests that FOXM1 might not be universally required for
oncogenesis.

The precise underlying mechanism for the broad overexpression of FOXM1 in human
malignancies is still the subject of speculation. Since FOXML1 is one of the key cell cycle
regulators, overexpression of FOXML1 in cancer cells and all the effects of FOXML1 on
cancer could reflect its important role in cell proliferation and could simply be the sign of a
passenger effect of the enhanced proliferation capacity of cancer cells. However, it has been
shown recently that there are breast cancers with low proliferation and high FOXM1
expression as well as with high proliferation and low FOXM1 expression (35). In addition,
certain cancer cells with FOXM1 knockdown are viable and proliferating (28, 36, 37), but
their tumorigenicity is severely impaired both /n vitroand /n vivo (28, 29, 36). All these data
suggest that the FOXM1-mediated cancer-related processes may be separated from its cell
cycle regulatory functions and rather be explained by the oncogenic upregulation of FOXM1
in cancer cells.

The following mechanisms are currently considered responsible for the elevated expression
and activity of FOXML1 in cancer: (@) Amplification of the FOXM1 locus. The human
FOXML1 gene is mapped on the chromosomal band 12p13 (38), which is frequently
amplified in various cancers including cervical carcinomas, breast adenocarcinomas,
nasopharyngeal carcinomas, and head and neck squamous cell carcinomas (1). In addition,
integrative genomic profiling of Non-Hodgkin's Lymphoma (NHL) revealed that
amplification of the FOXML1 locus is one the most prevailing genetic alterations in NHL
entities to promote lymphomagenesis (39). (b) Increased stability or expression of FOXMJ1.
FOXML1 stability or expression in cancer cells can be increased via the interaction with
different types of proteins or by different modifications. For example, the Wnt signaling
pathway inhibits FOXM1 degradation (40), while direct interaction with NPM (29) and
direct phosphorylation by Cdk4,6/cyclinD complexes (4) stabilize FOXM1 protein. (¢)
Enhanced transcription of FOXM1. E2F (41), c-Myc (42), and HIF-1 (43) directly bind to
the FOXM1 promoter and stimulate its expression. (@) Mutations of tumor suppressor p53.
p53 negatively regulates FOXM1 expression (44, 45). Mutation or inactivation of p53, often
seen in human tumors could contribute to the wide overexpression of FOXML1 in different
human cancers (44) (see also section 4.2). (e) Activation of FOXM1 by oncogenic signaling
pathways. FOXM1 functions downstream of established oncogenic signaling pathways
including P13/Akt, EGFR, RaffMEK/MAPK and Hedgehog (via the Glil transcription factor
(46)), that play crucial roles in cancer development (reviewed in (21)).

4. FOXML1 contributes to all major hallmarks of cancer

4.1. FOXM1 sustains proliferation

The most basic property of cancer cells is their infinite capacity to proliferate. Normal cells
obey regulatory mechanisms to enter, advance and exit the cell cycle in an orderly manner.
In contrast, cancer cells disregard these regulatory signals and operate in an independent
fashion (47). The central role of FOXML1 in the control of cell proliferation under normal
conditions is well established, however, it is also evident that FOXML1 is greatly involved in
tumor cell proliferation.

The contribution of estrogen receptors to the proliferation of normal and cancerous breast
epithelial cells is well-defined. FOXMZ1 directly binds to the promoter and stimulates the
transcription of ERa, thereby promoting breast cancer cell proliferation via inducing the
expression of ERa (48). Also, ERa directly regulates FOXM1 and FOXM1 mediates the
proliferative effects of ERa in breast cancer cells (49). These data suggest a positive
feedback loop between FOXML1 and ERa. The feedback loop is likely to have a critical role
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in breast cancer development, since it intensifies the mitogenic effects of estrogen (49).
ERB1 directly inhibited ERa-dependent FOXML1 transcription by physically displacing ERa
on the FOXM1 promoter. Since overexpression of FOXM1 antagonized the anti-
proliferative effects of ERBL, it was postulated that ERP1 signaling inhibits breast cancer
cell proliferation through the repression of FOXM1 (50). Human epidermal growth factor
receptor-2 (HER2) is a member of the EGFR family, which is implicated in cell
proliferation. FOXM1 was found as a downstream target of HER2 and a potential
downstream effector of HER2 signaling in breast cancer, thereby HER2 may promote breast
tumorigenesis by regulating the expression of FOXM1 (51).

In FOXML1 depleted lung tumors and lung cancer cells diminished proliferation correlated
with decreased expression of Topoisomerase-2a (TOPO-2a.), which plays an important role
in proliferation of tumor cells. FOXM1 directly activates the transcription of TOPO-2a., thus
contributing to proliferation of cancer cells leading to tumorigenesis (32). c-Myc itself is an
important regulator of proliferation, differentiation and apoptosis. Interestingly, c-Myc was
found to be a direct transcriptional target of FOXML1, thus it also serves as a mediator of
FOXM1-induced proliferation (52). Also, c-Myc directly binds and transcriptionally
activates FOXML to regulate hepatocyte proliferation only in response to the activation of
the nuclear receptor CAR (constitutive adrostane receptor) by TCPOBOP carcinogen (42).
These findings suggest that there is a positive feedback loop between FOXM1 and c-Myc.
This feedback mechanism potentially amplifies and maintains the expression of c-Myc and
FOXML1 target genes in order to promote continuous proliferation (42). Simultaneous
activation of AKT and N-Ras in the mouse liver dramatically accelerated the development
of liver tumors due to elevated proliferation and angiogenesis. FOXM1/SKP2 and c-Myc
signaling were partially responsible for the increased hepatocyte proliferation and liver
tumorigenesis (53).

Cdk inhibitors p21€iP1 and p27XiP1 halt cell cycle progression by interfering with the
activation of Cdks. FOXM1 inhibits p27XiP1 protein expression by multiple mechanisms.
FOXM1 promotes the proteasomal degradation of the p27XiP1 protein via direct
transcriptional activation of the Skp2 and Cks1 genes (10). In addition, following growth
factor stimulation FOXML1 directly activates the transcription of KIS (kinase-interacting
stathmin), which in turn phosphorylates p27K1P1 and thus facilitates its nuclear export and
proteolysis leading to cell cycle progression (54).

4.2. FOXM1 evades the action of tumor suppressors

Cancer cells not only must maintain mitogenic growth signals, but they also have to escape
potent anti-growth signals in order to sustain constant proliferation. Inhibition of
proliferation mainly depends on the functions of tumor suppressors. Disruption or loss of
tumor suppressor activity is often seen in human cancers (47).

Both major tumor suppressors RB and p53 control FOXM1. RB directly binds to FOXM1
and inhibits its transcriptional activity. Cyclin D1/Cdk4 phosphorylates RB, thus relieving
the repression by RB and activating FOXMZ1-dependent transcription at the G1/S
progression (18). Interaction with RB in the G1-phase may also contribute to the negative
regulation of FOXML in the early stages of the cell cycle. Initially, a study using microarray
analysis found that p53 activation leads to a decrease in FOXM1 mRNA (55). Our and Carol
Prives’s group independently reported that expression of FOXM1 at both mRNA and
protein levels were upregulated upon inactivation or deletion of p53, suggesting that p53 is a
negative regulator of FOXM1 (44, 45). This data also implies that p53 mutation or
inactivation in human tumors could be one of the underlying mechanisms for the broad
overexpression of FOXMZ1 found in various human cancers. For example, in high-grade
serous ovarian cancer (HGS-OvCa) p53 mutations were observed in 96% of tumors, and the
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FOXM1 pathway was activated in 87% of the cases (56). Following DNA-damage FOXM1
expression increased in the absence or decreased in the presence of its negative regulator
p53 (37, 44, 45). Since DNA-damaging agents are key components of commonly used
chemotherapeutic treatments, this observation indicates that serious considerations should be
taken in regard to the design of treatment strategies for patients with mutated or inactivated
p53 in order to prevent potential FOXMZ1-related drug resistance. DEN/PB treatment
induced the expression of tumor suppressor p192RF in the liver. The p19ARF protein directly
binds to the C-terminal region of FOXMZ1 and inhibits its transcriptional activity by
translocating FOXML1 to the nucleolus (26).

4.3. FOXM1 increases resistance of cancer cells to apoptosis

Cancer cells can survive and expand not only by the means of proliferation, but also by
resisting cell death signals (57). Apoptosis, perhaps the most common form of cell
elimination, is a strictly regulated stepwise process. A variety of signals can trigger
apoptosis; thereby cancer cells developed multiple mechanisms to avoid cell destruction.
Other forms of cell death such as autophagy and necrosis represent additional obstacles to
cancer development (47).

FOXML1 protected from apoptosis induced by proteasome inhibitors (14), Herceptin and
paclitaxel (58), cisplatin (59), and epirubicin (41). In addition, FOXM1 was found to
mediate endocrine resistance in breast cancer cells (49). However, attenuation of FOXM1
expression by RNAI, by treatment with proteasome inhibitors or with the ARF-derived
peptide reintroduced sensitivity of cancer cells to various cell death-inducing stimuli (58—
60). Furthermore, knockdown of FOXML1 increased sensitivity to apoptosis induced by
proteasome inhibitors (61), DNA-damaging agents (37) and oxidative stress (60). The
downstream effectors of FOXM1 that mediate resistance to apoptosis have just started being
uncovered. FOXM1-overexpressing breast cancer cells became resistant to Herceptin
treatment by keeping p27XIP1 expression low to override the Herceptin-induced G1-arrest.
Also, FOXM1-overexpressing breast cancer cells showed insensitivity to cell death induced
by paclitaxel as a result of elevated expression and activity of Stathmin, a microtubule-
destabilizing protein and direct FOXML1 transcriptional target (58). FOXM1 mediated
cisplatin and epirubicin resistance in breast cancer cells by enhancing DNA repair (41, 59).
Recently, we have reported that JNK activation and Bcl-2 downregulation after FOXM1
knockdown are potential underlying mechanisms to sensitize cancer cells to DNA-damage-
induced cell death (37).

4.4, FOXM1 induces replicative immortality

Senescence is an irreversible, nonproliferative but viable state of cells. Senescence has been
viewed as an anticancer defense mechanism since it represents a barrier to proliferation.
Consequently, evading cellular senescence could promote infinite replicative capacity
leading to tumor development (47).

FOXM1-/- MEFs showed several features of premature senescence, such as expressing
high levels of B-galactosidase, increased nuclear levels of senescence markers p19ARF and
p16!NKAA 'syggesting that FOXM1 might protect against senescence (10). Furthermore,
ectopic expression of FOXM1 in NIH3T3 cells inhibited oxidative stress-induced premature
senescence by up-regulating the expression of Bmi-1 via c-Myc (62). However, FOXM1
knockdown not only contributes to cellular senescence in normal cells, but in malignant
cells as well. For example, FOXM1 knockdown in gastric cancer cells increased cellular
senescence, which was partially mediated by p27XiP1 (27). CDK4/6 phosphorylation of
FOXML1 led to its activation and to protection of cancer cells from senescence (4). Also,
FOXML1 overexpression reduced ROS levels and senescence phenotype in mAKT1-
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expressing cells, while FOXM1 depletion from these cells had the opposite effect. FOXM1
protected cancer cells from oxidative stress-induced premature senescence by reducing ROS
levels via the direct activation of the transcription of antioxidant enzymes, catalase and
MnSOD (60).

Stem and cancer cells are both characterized by constant proliferation, immortality and the
capacity for self-renewal. Recently, FOXM1 has been suggested to contribute to
tumorigenesis by promoting stem cell-like properties. According to the recent work of
Zhang and colleagues, direct interaction of FOXM1 and p-catenin is required for the
maintenance of GIC (GBM-initiating cells) self-renewal (40). Also, FOXM1 promoted the
tumorigenecity of neurobalstoma cells by maintaining their undifferentiated state via
directly regulating the expression of pluripotency gene Sox2 (28). Ectopic expression of
FOXML1 in primary human keratinocytes contributed to the expansion of epithelial stem/
progenitor cells by interfering with their terminal differentiation program, consequently
generating a hyperproliferative phenotype often seen in human epithelial hyperplasia (63).

4.5. FOXM1 stimulates angiogenesis

Tumor growth and progression highly depends on adequate blood supply for acquiring
nutrients and oxygen as well as for disposing metabolic wastes and carbon dioxide. The
process of angiogenesis fulfills these requirements. After the completion of embryonic
development angiogenesis is downregulated. However, at the onset of tumor development
an angiogenic switch is turned on and remains activated to facilitate growth and progression
of cancer (47).

FOXML1 is required for the development of pulmonary vasculature during embryogenesis
(8), but it was identified as one of the transcription factors that directly regulate the promoter
activity of the pivotal angiogenesis inducer, vascular endothelial growth factor (VEGF) (24,
25). FOXM1 depletion correlated with reduced expression and activity of VEGF leading to
decreased angiogenesis (24, 25), while overexpression of FOXML1 resulted in the
transactivation of VEGF and increased angiogenesis /n vitro (24, 25). Suppression of
FOXM1 compromised the tumorigenecity of glioma (24) and gastric cancer cells (25) in
orthotopic mouse models and led to decreased tumor vascularization (24). All these data
suggest that through the direct transcriptional regulation of VEGF, FOXM1 induces
angiogenesis in human cancers (24, 25). Tumor suppressor FOX0O3a inhibits VEGF
expression in breast cancer cells by directly displacing FOXM1 on the VEGF promoter, thus
counteracting the activating function of FOXMZ1 (64). It is interesting to note, that though
both FOXM1 and FOXO3a are members of the Forkhead family of transcription factors that
contain a conserved DNA-binding domain and target the same promoter sequences (1), but
FOXML1 induces, while FOXO3a inhibits tumorigenesis. In addition, FOX0O3a can
neutralize FOXML1 activity by inhibiting the expression of FOXM1 (65).

4.6. FOXM1 contributes to invasion and metastasis

Metastasis is a multistep and complex process involving local invasion, intravasation,
extravasation, formation of micrometastasis and colonization (47). A mounting body of
work suggests that epithelial-mesenchymal transition (EMT), by which epithelial cells
acquire mesenchymal characteristics leading to increased migratory and invasive potential
of the cancer cells has a critical role in metastasis (47). Emerging evidence suggests that
FOXM1 might actively participate in the metastatic processes. FOXM1 expression was
upregulated in metastatic prostate cancer samples (66) and in portal vein tumor thrombosis
(PVTT), a special type of HCC metastasis (36). Overexpression of FOXM1 increased, while
knockdown of FOXM1 decreased metastasis of gastric cancer cells to the liver in an
orthotropic mouse model of gastric cancer (25). Mice with transgenic overexpression of
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FOXML1 in Arf-null background developed highly aggressive form of HCC and lung
metastasis after treatment with DEN/PB. FoxM1b Tg;Arf-/- HCC cells isolated from the
double transgenic animals were greatly tumorigenic /n vitro and in nude mice in vivo, and
also efficiently metastasized to the lungs after tail vein injection (67).

Although recent works have just started defining the functional contribution of FOXM1 to
metastasis, FOXML1 has already been described as the master regulator of tumor metastasis,
since it affects several aspects of the metastatic process including EMT, migration, invasion
and pre-metastatic niche formation (67). Matrix metalloproteinases (MMPs) have a well
established and pivotal role in the processes of tumor cell invasion and metastasis by
degrading the basement membrane collagene (21). RNAi-mediated downregulation of
FOXML1 correlated with decreased expression and activity of MMP-2 and MMP-9 leading to
reduced migration and invasion of glioma and osteosarcoma cells 7 vitro (23, 68). FOXM1
directly activates the transcription of MMP-2 (23), and indirectly regulates MMP-9 through
its direct transcriptional target JNK1 (68) to promote migration and invasion of cancer cells.
FOXML1 also directly stimulates the Stathmin promoter to increase the destabilization of
microtubules hence to promote tumor cell migration (67). FOXM1 was essential for the Ras/
MKK3/p38-induced invasion and anchorage-independent growth in vitro (69).

FOXML1 overexpression in ASPC-1 pancreatic cancer cells resulted in the acquirement of
EMT and cancer stem cell (CSC) phenotype, which correlated with increased expression of
EMT and CSC markers (70). FOXML1 also regulated pancreatic cancer EMT and metastasis
via direct transcriptional activation of Caveolin-1 (Cav-1), a key structural protein in the
caveolae that has been strongly implicated in the development of cancer (71). FoxM1b
Tg;Arf-/— HCC cells displayed EMT-like features such as expressing lower levels of E-
cadherin, but higher levels of vimentin and showed elevated Akt activity suggesting that
FOXM1 promotes EMT partially via the activation of Akt (67). FOXML1 has also been
associated with the formation of pre-metastatic niche at distant organ sites by directly
stimulating the transcription of LOX and LOXL2 (67).

4.7. FOXM1 and genomic instability (Enabling characteristic)

Genomic instability is the driving force of random mutations, thus enabling cancer cells to
acquire favorable genetic alterations that facilitate tumor progression. However, the genome
maintenance system keeps the incidence of spontaneous mutations very low by detecting
and repairing DNA damages. Consequently, it is not surprising that cancer cells harbor
defective components of this genome maintenance machinery in order to promote tumor
growth (47).

FOXML1 depletion was associated with the accumulation of polyploidy cells (7, 10).
FOXML1 has been demonstrated to play an essential role in the maintenance of appropriate
chromosomal segregation and genomic stability (11, 12). FOXM1 was among the top
ranking genes, whose expression correlated with chromosomal instability in different human
cancers (72). Elevated expression of FOXM1 alone was adequate to increase the occurrence
of genomic instability as measured by loss of heterozygosity (LOH) and copy number
variations (CNV) in human oral (73) and epidermal keratinocytes (74). In addition, nicotine
or UVB exposure further amplified the FOXM1-mediated genomic instability (73, 74).
These data suggest that FOXM1 upregulation represents the first hit for cells to gain
genomic instability, thus predisposing cells to a subsequent insult such as nicotine or UVB
radiation in order to facilitate proliferation of damaged cells and acquisition of further
genetic mutations and abnormalities, ultimately fueling the development of cancer (73, 74).
Although, FOXML1 is implicated in DNA repair via direct transcriptional regulation of
XRCC1 and BRCA2 DNA repair genes (75), it seems that its aberrant expression rather aids
the acquisition of genomic instability than increases DNA repair (73, 74).
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4.8. FOXM1 and inflammation (Enabling characteristic)

Inflammation is well recognized as a predisposing factor for cancer development, for
example many inflammatory diseases increase the risk for developing different types of
cancer. Inflammation is involved in tumorigenesis from tumor initiation, through tumor
promotion, to metastasis (76). Cancer-related inflammation promotes proliferation,
migration, invasion and metastasis of tumor cells, induces angiogenesis and can alter
therapeutic response to anticancer agents (76).

FOXML1 overexpressing Rosa26-FOXM1 transgenic mice after treatment with MCA/BHT
not only exhibited an increase in lung tumor formation, but also showed an elevated
inflammatory response. FOXML1 directly activated the transcription of cyclooxygenase-2
(Cox-2), a well-known marker of inflammation, which in turn mediated the FOXM1-
induced inflammation and tumorigenesis in the MCA/BHT lung tumors (77). The role of
FOXML1 in tumor-associated macrophage recruitment during lung injury was also examined.
FOXML1 contributed to lung tumorigenesis by regulating macrophage recruitment to tumor
sites via its direct transcriptional target CX3CR1 chemokine receptor during lung
inflammation and tumor growth (33). Tumor-associated endothelial cell-specific deletion of
FOXML1 in the lung promoted urethane-induced tumorigenesis by increasing pulmonary
inflammation and proliferation. FOXM1 kept inflammation under control by directly
activating the transcription of FIk-1 and Foxf1, which are well-established regulators of lung
inflammation. Depletion of FOXML1 in endothelial cells stimulated the proliferation of
epithelial cells by activating the canonical Wnt signaling pathway. Sfrp1, a recognized
inhibitor of Wnt signaling was identified as a direct target of FOXM1. FOXM1 influences
the crosstalk between epithelial and endothelial cells, thus endothelial cell-specific
expression of FOXML1 is necessary to inhibit inflammation and the Wnt signaling pathway
in lung epithelial cells in order to suppress lung tumor growth (78). These data suggest that
in certain cell context FOXM1 may act as a tumor suppressor by indirectly suppressing the
Whnt pathway.

4.9. FOXM1 and metabolism (Emerging Hallmark)

There is a growing body of evidence that altered nutrient pathways can contribute to cancer
development. Cancer cells need high amount of glucose to fulfill their energy needs (47).
While the majority of glucose is being processed through glycolysis in cancer cells, a small
amount enters alternative metabolic pathways such as the hexosamine biosynthetic pathway
(HBP). The HBP pathway regulates the O-GIcNAc modifications of various proteins, which
serves as a regulatory switch mechanism similarly to phosphorylation. O-GIcNAc
transferase (OGT) catalyzes the addition of O-GIcNAc on cytosolic and nuclear proteins
(79).

The metabolic sensor OGT was found to be overexpressed in breast (79) and prostate (80)
cancer cells. Attenuation of OGT levels inhibited growth, invasive potential and angiogenic
ability of breast and prostate cancer cells, and associated with the decreased protein
expression of FOXM1 and its downstream targets (79, 80). OGT appeared to promote breast
and prostate tumorigenesis in part by modulating the expression of FOXML1 via interfering
with its proteasomal degradation (79, 80). Another feature of cancer cell adaptation is the
ability to grow under hypoxic (O, deprived) conditions. Hypoxia induced FOXM1
expression via direct binding of HIF-1 to the FOXM1 promoter. FOXM1 was required for
survival of cancer cells under hypoxia since FOXM1 depletion compromised the
proliferation capacity of hypoxic cancer cells (43). A potential interplay is being speculated
between proliferation and cellular metabolism (60). From this respect, FOXM1 could serve
as a messenger between proliferation and cellular metabolism by allowing cells to
proliferate when the circumstances regarding energy metabolism are beneficial (60).
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Concluding remarks

Over the years FOXM1 has become a subject of intense research. Originally, FOXM1 was
characterized as a proliferation associated mammalian transcription factor, but recently it
has emerged as a pivotal contributor to cancer development. FOXM1 aids cancer cells to
obtain tumorigenic features and it plays a critical role in promoting their oncogenic
phenotype. FOXMZ1 has been implicated in tumor initiation, expansion and progression. A
growing body of evidence also suggests that FOXM1 actively participates in drug resistance
and evasion of cell death. In the near future, we expect to learn more compelling details
about the additional roles FOXM1 may play in cancer and about the regulatory mechanisms
involving FOXML in respect to cancer development and progression. We envision the
identification of miRNAs (81) regulated by FOXM1 and miRNAs controlling FOXM1. For
example, miR-135a was recently identified as a direct target of FOXM1 and shown to be a
significant contributor to the development of portal vein tumor thrombosis (PVTT) (36).
Other potential oncogenic miRNAS induced by FOXM1 could be targets of therapeutic
intervention in future cancer treatments. In addition, miRNAs that negatively regulate
FOXML1 could be utilized as FOXM1 inhibitors. Collectively, the above-summarized
findings strongly advocate exploring the potentials of FOXM1 targeting. We proposed 4
years ago that FOXM1 may be the “Achilles’ heel” of cancer (82) and the published data
since then support the fact that FOXML1 represents a valid target for therapeutic intervention.
Since FOXM1 is involved in multiple hallmarks of cancer (Fig. 1), targeting this single
oncogene holds the promise to inhibit tumor development.
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The schematic depicts the contribution of FOXM1 to the hallmarks of cancer. Negative (in
italics and underlined) and positive (in bold) downstream targets or upstream regulators of

FOXML1 are shown.
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