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SUMMARY

FoxM1 belongs to the Forkhead Box (Fox) superfamily of transcriptional factors.
It is a proliferative specific transcriptional regulator that is expressed during
embryogenesis and in the progenitor population of normal tissue. Its expression is
diminished in terminally differentiated cells. FoxM1 overexpression is commonly
observed in many types of human malignancies. It participates in various cellular events

that promote tumorigenesis and metastasis of the cancer cells.

| discovered that FoxM1 is involved in promoting tumorigenicity by maintaining
the undifferentiated status of the cancer cell. FoxM1 is overexpressed in neuroblastoma, a
childhood malignancy derived from developing neural crust tissue. | found that FoxM1
is essential for the tumorigenicity of neuroblastoma cell in vitro and in vivo. Its presence
is required for neuroblastoma to maintain the undifferentiated state and the cells are more
resistant to differentiation stimuli. FoxM1 is able to activate the expression of the
pluripotency genes SOX2 and Bmil, which are involved in maintaining the
undifferentiated status of the progenitor cells. In addition, in neural stem/progenitor cells,
FoxM1 loss results in the reduction in self-renewal accompanied by attenuated

expression of SOX2 and Bmil.

Targeting FoxM1 represents a rational and promising anti-cancer therapeutic
strategy. A cell penetrating ARF 26.44 peptide which consists of 9 N-terminal D-arginine
(D-Arg) residues and amino acid residues 26-44 of the mouse ARF protein was
synthesized and proved to be effective in diminishing HCC tumor size in HCC and

preventing metastasis in mouse model. | discovered that FoxM1 is critical for the survival

xii



and growth of p53-/- tumor cells both in vitro and in vivo. By inhibiting FoxM1 activity,
ARF peptide effectively reduces the colonization of p53 -/- tumor cells in vivo
accompanied by the induction of apoptosis. The FoxM1 target genes Survivin and Bmil
are down regulated in ARF peptide treated cells and in colonized tumors. These
observations validate the therapeutic strategy of targeting FoxM1 in tumors with p53 loss
of function.

| also established a connection between EZH2 and forkhead box transcription
factor FoxM1 during prostate cancer progression. EZH2 expression is positively
correlated with FoxM1 in prostate cancer patient samples. The expression of both genes
increase gradually as prostate cancer progress to more advanced stages. In prostate cancer
cells, the presence of FoxML1 is necessary for the expression of EZH2 and the repression
of its target genes DAB2IP and E-cadherin. By modulating EZH2 expression, FoxM1

modulates the invasiveness and migration, which contribute to metastasis.
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l. INTRODUCTION

1. Fox family and FoxM1

FoxM1 stands for Forkhead Box M1 which belongs to the Forkhead Box (Fox)
superfamily of evolutionarily conserved transcriptional factors consisting 19 subfamilies
(FoxA-R). Currently, there are about 50 known Fox genes in human genome and 44 in
the mouse (1). They were grouped together by the highly conserved DNA binding motif,
also known as forkhead or winged-helix domain shared among all family members (2).
Despite the structural similarity in DNA binding motif, Fox proteins differ significantly
in terms of their expression pattern, regulation and functions. The Fox proteins participate
in a wide spectrum of cellular processes including proliferation, differentiation,
senescence, apoptosis and longevity(3). Consistently, the deregulation of Fox proteins is
detrimental to the cells and is often associated with diseases such as congenital disorders,

diabetes and cancer (3).

FoxM1, also known as HFH-11B (in human), Trident (in mouse), WIN (in rat) or
MMP2, was cloned independently by two groups from mouse thymus and human colon
carcinoma CACO-2 cells (4) (5). The FoxM1 gene is located at chromosome 12p13.3
consisting of 10 exons spanning about 20kb in length. Two of the exons (exon Al and
exon A2) are alternatively spliced that give rise to three transcripts: FoxMla, FoxM1b
and FoxM1c (6). FoxM1b contains neither of the two exons and FoxMlc does not
include exon Al. Both of them are transcriptionally active, whereas the longest isoform
FoxM1a, which includes both exon Al and A2, remains transcriptionally inactive due to

the disruption of DNA binding motif by the presence of exon A2. However, the



expression pattern of the three isoforms in different tissues has not been fully

characterized.

2. FoxM1 is a proliferative-specific transcription factor

FoxM1 is regarded as a proliferative-specific transcription factor since its
expression tightly correlated with the proliferative capacity of cells. In embryonic tissues,
it is found to be broadly expressed in proliferating epithelial and mesenchymal cells in
the embryo. However, in the adult, its expression is only limited to tissues with intensive
proliferative capacity such as the intestinal crypts, testis, thymus and colon and it is not

detectable in terminally differentiated cells that no longer undergo active cell cycle (4, 5).

This proliferative-specific expression feature is observed also when quiescent
cells are stimulated to re-enter the cell cycle. In case of liver regeneration, FoxM1
expression is restored in hepatocytes following partial hepatectomy driven by growth
factors. Similarly, although low level of FoxM1 is expressed in adult lung, FoxM1
expression is upregulated following tracheal administration of KGF in alveolar type Il

pneumocytes (5).

This unique feature of FoxM1 is manifested also in tumors due to the highly
proliferative nature of cancer cells. FOxM1 overexpression is prevalent in tumor tissues
and in established cancer cells lines from a variety of tissue types including prostate,

brain, pancreas, and colon. (7-12).



3. FoxM1 in normal development

FoxM1 knockout mice are embryonic lethal suggesting an essential role of
FoxM1 in regulating normal development. FoxM1-/- embryos died in utero around
embryonic day 18.5 accompanied with defects in developing myocardium and loss of
hepatoblasts(13) (14). In Xenopus, FoxM1 knockdown in early embryonic development
leads to the loss of cells in neural plate and the presence of FoxM1 is essential for the

proliferation and differentiation of neuronal precursors (15).

Several conditional FoxM1 knockout strains have been generated to investigate
the significance of tissue-specific loss of FoxM1. Cardiomyocytes specific deletion of
FoxM1 (Nkx2.5-Cre FoxM1™) leads to disruption of heart morphogenesis in late
gestation coupled with a loss of proliferation of cardiomyocytes resulting from altered
expression of the cell cycle genes (16). In mouse breast tissue, FOXM1 is expressed at a
high level in CD291ow and CD61+ luminal progenitors. Mice with conditional deletion
of FoxM1 in epithelial cells by WAP-Cre system have defects in developing
lobuloalveolar structures during the second pregnancy. A negative regulation of GATA3
by FoxML1 is responsible for the defects observed (17). During brain development, the
absence of FoxML1 in the cerebellar granule neuron precursors delays their entry into
mitosis without affecting the overall cerebellar morphology (18). In case of thymus,
although FoxM1 expression is detectable in CD4+CD8+(DP) thymocytes, the conditional
deletion of FoxM1 in these cells has little effect on the subsequent T cell development
(19). Most of the phenotypes of FoxM1 conditional loss have been associated with
regulation of the cell-cycle genes by FoxM1, whether FoxM1 has a direct role in

modulating the differentiation awaits more evidence.



4. Overexpression of FoxM1 in cancer

FoxM1 is aberrantly over-expressed in a wide spectrum of human malignancies.
The expression of FoxM1 is thought to be positively associated with the severity of
several cancer types including breast and by examining the mMRNA expression of patient
samples (17, 20). FoxML is also abundantly expressed in almost all the tumor cell lines

examined so far including prostate carcinoma, glioblastoma, pancreatic cancer(7, 10, 12) .

Based on the current understanding, overexpression of FoxM1 in tumors results
from two possible mechanisms: upstream activation of Ras/ERK/MAPK signaling and
gene amplification (3). The transcriptional activity of FoxM1 requires phosphorylation at
Thr residue 596 by Cdk-cyclin complexes, which are activated by the upstream Ras
signaling pathway (21). The Ser-251 residue of FoxML1 is required for the CDK1-
dependant phosphorylation and is critical for FoxM1 activity (22). Oncogenic Ras has
been shown to stimulate FoxM1 expression by modulating the level of reactive oxygen
species (ROS) (23).In malignant peripheral nerve sheath tumors (MPNST), the

chromosome region where FoxM1 gene locates is found to be amplified (24).

5. Multifaceted roles of FoxM1 in cancer

Although, the most well-known function of FoxML1 is to regulate the cell cycle,
emerging evidence suggests that FoxM1 plays a multifaceted role in promoting cancer

development.



A. FoxM1 and cell cycle

FoxM1 is regarded as a key regulator of the cell cycle. Direct evidence supporting
this notion came from the loss-of-function study in culture cells. FoxM1-/- mouse
embryonic fibroblasts (MEFs) fail to progress through mitosis and display premature
senescence phenotype. Similar effect is also observed in FoxM1 silenced cancer cells,
where cells are arrested at G2 with polyploid or aneuploid genotype that in some cases

leads to mitotic catastrophe(25-27).

It is clear now that FoxM1 orchestrates proper cell cycle progression by
transcriptionally stimulating a number of cell cycle genes at both G1-S and G2-M
transition(25, 26, 28). During G1-S transition, FoxM1 contributes to the down-regulation
CDK inhibitors p27Kip1, which ensures the activation of the Cdk2-cyclinE complex for
progression into S-phase. FoxML1 is able to do so by up-regulating the expression of Skp2,
Cks1, the subunits of the SCF ubiquitin ligase complex, which ubiquitinates p27Kipl and
targets it for degradation (25). In addition, FoxM1 also activates KIS which promotes
p27Kipl nuclear export through phosphorylation (29). FoxM1 also activates Cdc25A
phosphatase which dephosphorylates inhibitory Cdk2 phosphorylation and activates
Cdk2-cyclinE activity during G1-S(25). In G2-M transition, FoxM1 directly activates a
cluster of genes involved in entry to mitosis, centrosome duplication, kinetochore
assembly, and mitotic spindle checkpoint regulation (25, 26), including PLK1, AURKB,
CENP-F, Cdc25B, INCENP, CENP-A and CENP-B. For example, directly activated by
FoxM1, PLK1 (polo-like kinase 1) is important for centrosome duplication and the
attachment of microtubule spindle to the centrometric kinetochores(25). AURKB (Aurora

B kinase) is also a direct transcriptional target of FoxM1 and serves as part of the mitotic



checkpoint complex, the presence of which ensures the proper segregation of the
chromosomes (25). CENP-F is required for the sustained activation of the spindle
checkpoint(26). While it is expected that a single FoxM1 target gene is unlikely to be
responsible for the mitotic defects in FoxM1 deleted cells, the ectopic expression of
cyclin B1 partially restores the mitotic index of FoxM1 deficient cells suggesting a

central role of cyclin B1 in promoting mitotic entry(26).

The regulation of the cell cycle genes by FoxM1 has a significant impact on the
tumor development. Initiation of the tumor development requires the presence of FoxM1.
FoxM1 deleted hepatocytes are highly resistant to  Diethylnitrosamine
(DEN)/Phenobarbital (PB) induced liver formation due to the incapability of the
hepatocytes to proliferate (30). In addition, the presence of FoxM1 in respiratory
epithelial cells is essential for lung tumorigenesis (31). Moreover, overexpression of
FoxM1 accelerates the tumor onset in mouse models of prostate carcinoma and colorectal

carcinoma (9, 10).

B. FoxM1 and genomic instability

One of the hallmarks of transformation is the acquired trait of genomic instability
of cancer cells in order to accelerate the mutation rate to meet the need for tumorigenesis
(32). Although FoxM1 loss of function is known to lead to genomic instability by
producing aneuploid and polyploid cells, FoxM1 overexpression in cancer cells also
contributes to the genomic instability of cancer cells in several ways. Evidence from
keratinocytes demonstrated that overexpression of FOxM1 increases genomic instability

in the form of loss of heterozygosity (LOH) and copy number variations (CNV). The



exact mechanism remains unclear(33). In addition, FoxM1 is negatively regulated by
p53 after DNA damage to ensure proper G2 arrest. FoxM1 silencing is able to rescue the
aberrant mitotic entry of p53 ablated MCF7 cells suggesting that targeting FoxM1
potentially reduces genomic instability(34, 35). The overexpression of FoxM1 also
renders the cells resistant to protective apoptotic and senescent stimuli. By up-regulating
the expression of Bmil through c-Myc, FoxM1 overexpressed cells display reduced
senescence response induced by oxidative stress (36). In addition, FoxML1 silencing is

able to sensitize cancer cells to DNA damage induced apoptosis (37).

C. FoxM1 and metastasis

It has been proposed that oncogenic transformation is not sufficient for metastatic
competence therefore additional properties must be acquired for transformed cells to
overcome the barriers against metastasis(38). Numerous studies demonstrated that
FoxM1 functions as driver for metastasis by promoting metastatic competent features of

the transformed cells during different stages of metastasis.

Metastasis initiation is defined as the process where transformed cells invade into
the surrounding tissues and attract supportive stroma to facilitate their dispersion (38).
The process involves multiple interrelated changes including the secretion of angiogenic
factors to promote vascularization, increased cell motility and invasiveness and the
transition from epithelial cells to mesenchymal-like cells. FoxM1 promotes the metastatic
initiation by enhancing angiogenesis, motility, invasiveness and mesenchymal-like
phenotype of the primary cancer cells. In glioblastoma, FoxM1 directly stimulates the

expression of pro-angiogenic molecule vascular endothelial growth factor (VEGF) (39).



Similar regulation is observed in other cancers as well (40, 41). Matrix metalloproteinase
MMP-9 and MMP-2 are two other transcriptional targets of FoxM1 that function in
degrading extracellular matrix proteins (12). In terms of promoting cell motility,
Stathmin which regulates the microtubule dynamics is found to be a direct transcriptional
target in both breast and liver cancer cell lines, the up-regulation of which by FoxM1
destabilizes the microtubules and enhances cell motility(42, 43). FoxM1 has also been
linked to promoting EMT transition of the cancer cells during metastasis. The ARF-/-
liver tumor cells with FoxM1 over-expression are more mesenchymal-like with reduced
E-Cadherin expression and elevated level of mesenchymal markers vimentin and o-
SMA accompanied by the activation of Akt —Snail pathway(42). Consistently, in
pancreatic cancer cell lines, FOXM1 over-expression promotes metastatic phenotype and
its expression correlates with a number of mesenchymal cell markers including ZEB1,
ZEB2, Snail2, Vimentin as well as cancer stem cell markers CD44 and EpCAM through
regulating miR-200b and let-7 with unknown mechanism(44). Caveolin-1(Cav-1) is
characterized as another direct target gene of FoxM1 implicated in pancreatic cancer

EMT transition (45).

Following metastatic initiation, metastatic progression is a process where
circulating cancer cells infiltrate distant organs and interact with the microenvironment to
proceed towards overt metastasis. Study in mouse metastatic liver cancer model
demonstrates that FoxM1 is able to establish the pre-metastatic niches by
transcriptionally up-regulating lysyl oxidase genes LOX and LOX2 which function to
recruit CD11b+ bone marrow derived cells to facilitate the pre-metastatic niche formation

in the lung (42). Whether it is a general effect applicable to a wide spectrum of tumor



types awaits more evidence. Also, it is also unclear whether FoxM1 participates in
regulating the metastatic virulence function which controls the organ specific

colonization of cancer cells.

D. Drug resistance and protectction from oxidative stress

Recent discoveries have provided strong evidence that connect the over-
expression of FoxM1 to acquired drug resistance of cancer cells. In breast cancer patients,
FoxM1 over-expression is positively related to the HER2 and serves as an unfavorable
prognosis factor (46). The HER2 amplified breast cancer cell lines with ectopic stable
over-expression of FoxM1 are more resistant Herceptin compared to the parental cell
lines. Herceptin is the monoclonal antibody targeting HER2 and the conferred resistance
to Herceptin is associated with the inhibition of p27 caused by FoxM1 over-
expression(43). In addition, FoxM1 also confers resistance to microtubule-stabilizing
drug paclitaxel by impacting the microtubule dynamics towards a low ratio of
polymerized versus soluble form of tubulin. The major effector protein is found to be
Stathmin, a microtubule destabilizing protein, which is directly regulated by FoxM1 at
the mRNA level (43). In studying the mechanism of cisplatin resistance of the breast
cancer cells, it is discovered that FoxM1 expression is elevated in cisplatin-reisistant
MCF7 cells compared with sensitive cell lines, together with two of its target genes
involved in DNA damage repair pathway: XRCC1 and BRCA2. Therefore, DNA
damage repair pathway is thought to contribute to FoxM1 mediated cisplatin resistance
(47). The same group also reported that FoxM1 is a target of ERa, and the silencing
which is able to facilitate the MCF-7 cells to overcome acquired tamoxifen resistance

(48) . In addition, in case of EGFR inhibitor gefitinib (Iressa) treatment in lung cancers,
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attenuation of FoxM1 expression restores the sensitivity of Gefitinib resistant lung
adenocarcinoma cell line to gefitinib treatment by inhibiting proliferation and inducing
apoptosis. Over-expression of FoxML1 in gefitinib-sensitive cells increases resistance(49).
There is also clinical evidence supporting that FoxM1 over-expression is significantly
associated with chemotherapy in gastric cancer patients treating with docetaxel in

addition to 5-fluorouracil (5-FU) plus S-1 plus cisplatin (CDDP)(50) .

Other than mediating drug resistance, FoxM1 also plays an essential role in
alleviating the oxidative stress of the cancer cells. FoxM1 expression is first discovered
to be stimulated by oxidative stress in adult endothelial cells when exposing the cells to
hydrogen peroxide. The activation of FoxM1 is thought to be coupled with the
proliferative stimuli by RAS signaling (5). Similar effect is also observed under the
oxidative stress stimuli generated by oncogene. While oncogenic H-RasV12 expression is
able to stimulate the FoxM1 expression in both transformed immortalized mouse
embryonic fibroblasts (MEFs) and primary human fibroblasts, the induction of FoxML1 is
reduced if the ROS level is repressed by anti-oxidants (23). Interestingly, after being
stimulated by ROS, FoxML1 is able to regulate intracellular ROS level by transcriptionally
activating the ROS scavenger genes MnSOD, catalase and PRDX3. By up-regulating
these genes, FoxM1 over-expression protects cells from oncogene-induced premature
senescence, a mechanism utilized by cancer cell to evade oxidative stress (23). The
indirect regulation of FoxM1 on Bmilthrough c-Myc is also implicated in alleviating the

oxidative stress (36).
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6. FoxM1 as therapeutic target

Given the essential role of FoxM1 in promoting tumorigenesis and the fact that is
abundantly expressed in cancer cells but not the normal tissues, FoxM1 has been pursued
as a popular therapeutic target to treat human malignancies. However, transcriptional
factors are traditionally considered as “undruggable” target since it is missing the
classical binding pocket allowing for efficient small molecule biding. Therefore, fairly

limited therapeutic strategies are available to target FoxM1 directly in cancer cells.

FoxM1 is found to be negatively regulated by p19ARF tumor suppressor and the
P19ARF 26-44 residues between 26 and 44 are sufficient to inhibit FoxM1 transcriptional
activity by targeting it to the nucleolus of the cell. Based on this study, an ARF peptide
containing the ARF 26-44 sequence has been used to target FoxM1(30). The N terminus
of the polypeptides is added with nine D-Arginine to enhance the cellular uptake. And a
control peptide missing the critical residues to interact with FoxM1 is also synthesized
and designated as mutant ARF 37-44 peptide in contrast to the wild type ARF 26-44
peptide(51). Fluorescently tagged wild type ARF 36-44 peptide is found to be co-
localized with FoxM1 in the nucleolus of the cell(30, 51). In mouse hepatocellular
carcinoma, wild type ARF peptide diminishes proliferation and size of the liver tumor in
vivo by selectively inducing apoptosis in HCC cells without damaging adjacent normal
hepatocyte(51). The induction of apoptosis is associated with the reduction in expression
of FoxML1 target gene Survivin, an inhibitor of apoptosis. In addition, wild type ARF
peptide treatment also prevents HCC angiogenesis which is related to the increase
apoptosis observed in the endothelial cells (51). Furthermore, in experimental metastatic

model, HCC metastasis to lung is efficiently blocked by the wild type ARF peptide
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treatment compared with mutant and PBS control. The wild type ARF peptide is able to
reduce the mRNA expression of two lysyl oxidase genes LOX and LOX2, which

contribute to the reduced colonization of the HCC cells to the lung.

The antibiotic thiazole compound Siomycin A has been identified from a high-
throughput screening for the small molecules that would inhibit the FoxM1
transcriptional activity. Siomycin A has been shown to induce apoptosis specifically in
the transformed cells (52). Another structurally similar antibiotics thiostrepton has been
also shown to reduce FoxM1 transcriptional activity (53). Thiazole antibiotics treatment
results in loss of FoxM1 expression and induction of apoptotic response of the cancer
cells. The exact mechanism by which they act on FoxM1 remains unclear (52, 53). It is
reported that Siomycin A and thiostrepton have proteasome inhibitor activity and FoxM1

is a target for general proteasome inhibitors (54).
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I1. MATERIALS AND METHODS
1. Plasmids and siRNAs
The pCMV-FoxM1b vector was constructed as previously described (21). The Sox2
expression construct was made by amplifying the Sox2 cDNA fragment sequence from
pMSCV-Flag-hSox2 (Addgene) (55)and ligate it into the pcDNAS3 construct (Invitrogen).

pCMV-EZH2 was purchased (Addgene).

The SiRNA oligonucleotide sequence specific for human FoxM1 was 5’
GGACCACUUUCCCUACUUUUU-3’ and for human Sox2 was
5’GGAAUGGACCUUGUAUAGAUU-3’. Oligonucleotides were synthesized by
Dharmacon Research (Lafayette, CO). The siRNA oligonucleotide human EZH2 was
purchased from IDT. The plasmids and siRNA duplexes were transfected into cells using
Lipofectamine 2000 reagent (Invitrogen) in serum-free tissue culture medium following

the manufacturer's protocol.

2. Cell culture

The human neuroblastoma cell lines SK-N-BE (2) (ATCC CRL-2271) cells and
BE(2)-C (ATCC CRL-2268) cells were cultured in MEM/F12 medium supplemented
with 15% fetal bovine The human prostate cancer cell line DU145 (ATCC HTB-81) was
cultured in MEM medium supplemented with 10% fetal bovine and LNCaP (ATCC
CRL-1740) was cultured in RPMI supplemented with 10% fetal bovine. The benign
prostatic hyperplasia epithelial cell line BPH-1 (kindly provided by Simon Hayward
[\Vanderbilt University, Nashville, TN]) was cultured in RPMI 1640 containing 5% fetal

bovine serum. Cells were cultured with 100 U/ml penicillin and 100 pg/ml streptomycin.


http://www.jbc.org/cgi/redirect-inline?ad=Invitrogen
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3. Establishment of p53 null thymic lymphoma and sarcoma cell lines

Thymic lymphoma tissue was isolated from the thymus of mice and sarcoma was
isolated from a tumor encompassing the rear leg of the mouse. Tumors were excised,
minced and enzymatically dissociated with 0.25% trypsin or papain (10u/ml). Cells were
then washed and replaced with fresh media. Thymic lymphoma cells grew in suspension
and sarcoma cells were adherent and they were maintained in DMEM medium

supplemented with 10% fetal bovine, L-glutamine and penicillin-streptomycin.

4. Neural stem/progenitor cell isolation, culture and neurosphere frequency

assay

Neural stem/progenitor cells were generated from 14.5-day-old embryo cerebral
cortical tissue and cultured in serum-free DMEM/F12 medium supplemented with N2
supplement (Invitrogen), 20ng/ml EGF and FGF (Peprotech), 2mM glutamine
(Invitrogen), 6mg/ml glucose, 14mM NaHCOj3; and 5mM HEPES (Invitrogen).
Neurospheres were dissociated by using chemical dissociation kit following the
manufacture’s protocol (Stemcell Technologies). Dissociated cells were seeded in culture
dish with grid (Nunc) at a clonal density. After 6-8 days, the newly generated

neurospheres were counted under microscope.

5. Antibodies and immunoblots

Rabbit polyclonal antibody against FoxM1 was described (21). The following
antibodies were also used: FoxM1 (Santa Cruz sc-500), Sox2 (Abcam ab15830 and Cell
Signaling #3579), Bmil (Cell Signaling #2830, #5856 and Millipore clone F6 05-637),

cleaved caspase-3(Cell Signaling #9661), p-catenin (BD 610153), NF-M (Zymed 13-
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0900), tubulin-gIl (Millipore Mab1637), Nestin (BD Pharmingen 560393), Survivin
(Novus Biologicals NB500-201), a-tubulin (Sigma T6074), Cleaved-PARP (Asp214)
(Cell Signaling #9544), EZH2 (Cell Signaling: D2C9#5246) and E-Cadherin (Santa Cruz:

H-108). Horseradish peroxidase-conjugated secondary antibodies were used to amplify
the signal from primary antibody (Bio-rad) and detected by chemiluminescence with
SuperSignal West Dura extended duration substrate from Pierce (Rockford, IL). Protein
lysates were prepared in NP-40 lysis buffer consisted of 1% NP-40, 5% glycerol, 20nM
B-glycerophosphate, 2mM NaF, 5mM EDTA, 5mM EGTA and freshly added protease
inhibitor cocktail (Roche).
6. Proliferation, colony formation and soft agar assays

For proliferation assays, cells were trypsinized, counted and seeded in triplicate
for each time point at a density of 2 x 10% per well in 48-well plates. The growth of the
cell was monitored by measuring the luminescent signal using the CellTiter-Glo kit
(Promega) every other day following manufacture’s protocol. For colony formation
assays, cells were seeded in triplicate at a density of 1 x 10° per well of six-well plates
and grown for 14 days before fixing and staining with crystal violet (Sigma-Aldrich). For
soft agar assay, cells were plated in six-well plates in 0.35% agarose on a 0.7% agarose
bed in triplicate. Colonies were stained with crystal violet and counted after 3 weeks.
Pictures were taken under dissecting microscope.
7. Primers and quantitative RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). After DNase |
digestion (Promega), 500 ng of RNA was used to generate cDNA using a cDNA

synthesis kit (Bio-Rad, Richmond, CA). RT-PCR was performed using the following
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mixture: 1 xiQ SYBR Green supermix (Bio-Rad), 100 nM of each primers and 1 ul of
cDNA in a 25 pl total volume. Reactions were amplified and analyzed in triplicate using
a MyiQ single-color real-time PCR detection system (Bio-Rad). The following primers
were used: human FoxM1 5-GGAGGAAATGCCACACTTAGCG-3" and
5TAGGACTTCTTGGGTCTTGGGGTG-3; human Sox2 5
TGAATGCCTTCATGGTGTGGTC-3" and 5’-CCGTCTCCGACAAAAGTTTCC-3’;
human Bmil 5>-TGATGTGTGTGCTTTGTGGAGG-3’ and 5
GTGGTCTGGTCTTGTGAACTTGG-3; human cyclophilin 5’
GCAGACAAGGTCCCAAAGACAG-3" and 5'-CACCCTGACACATAAACCCTGG-3’;
mouse Foxml, 5'-AGCGTTAAGCAGGAACTGGA-3’ and 5’
GGAAGTGGTCCTCAATCCAA-3’; mouse Sox2 5’-
AACGGCTCGCCCACCTACAGC-3’ and 5’-CAGGGGCAGTGTGCCGTATTTGG-3’;
mouse Bmil 5’-AGAGGGATGGACTACGAATGC-3° and 5-
AACAGGAAGAGGTGGAGGGAAC-3’; mouse cyclophilin 5'-
GGCAAATGCTGGACCAAACAC-3" and 5'-TTCCTGGACCCAAAACGCTC-3". For
semi-quantitative RT-PCR experiments, the linear ranges for amplicon of each PCR
primers were determined to allow semiquantitative comparisons. The primers used in
semiquantitative RT-PCR were : human FoxM1 5'-
GGAGGAAATGCCACACTTAGCG-3' and 5-TAGGACTTCTTGGGTCTTGGGGTG-
3’ human Sox2 5’-TGAATGCCTTCATGGTGTGGTC-3’ and 5°-
CCGTCTCCGACAAAAGTTTCC-37; human Oct4 5’-
GGGGTTCTATTTGGGAAGGTATTC-3" and 5-GGTTCGCTTTCTCTTTCGGG-3” ;

human Nanog 5’-CCAGTCCCAAAGGCAAACAAC-3’ and 5’-
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TGGAGGCTGAGGTATTTCTGTCTC-3; human Bmil 5’-
TGATGTGTGTGCTTTGTGGAGG-3’ and 5’-GTGGTCTGGTCTTGTGAACTTGG-3’;
human Ezh2 5’AGTTGGTGAATGCCCTTGGTC-3’ and 5’-
TGCTGTGCCCTTATCTGGAAAC-3’; human Suz12 5’-
GCCAACCTGGATTTGCTTTTAGTC’ and ‘TCTTTGCTGTTCTACTTCCCCATC-3’;
human cyclophilin 5'-GCAGACAAGGTCCCAAAGACAG-3' and 5'-
CACCCTGACACATAAACCCTGG-3; human E-cadherin: 5'-
ATGCTGATGCCCCCAATACC-3' and 5-TCCAAGCCCTTTGCTGTTTTC-3"
human EZH2 5’-AGTTGGTGAATGCCCTTGGTC-3’ and 5’-
TGCTGTGCCCTTATCTGGAAAC-3’: , human ADRB2: 5’-
GTCATCACAGCCATTGCCAAG -3° and 5’-CACCAGAAGTTGCCAAAAGTCC-3’;
human  DAB2IP: 5~ TGCCTGGACGATGTGCTCTATG -3 and 5°-

CTTCTTCTTCTTCTTGTCGGTCTCC-3".

8. Chromatin immunoprecipitation (ChlIP)

For chromatin immunoprecipitation, cells were cross linked in situ with 37%
formaldehyde to 1% (w/v) for 10 minutes at R.T. and quenched by 125mM glycine for 5
minutes. Cells were washed by PBS collected to 1ml SDS lysis buffer (1%SDS, 10mM
EDTA, 50mM Tris pH=8). The extracts were sonicated to 200-1000 bp and insoluble
components were removed by centrifuge. The chromatin sample were diluted and pre-
cleared with protein A-agarose/salmon sperm DNA or protein G-agarose/salmon sperm
DNA beads for 2 h at 4T. Centrifuge the chromatin samples and transfer the
supernatants to fresh microcentrifuge tubes. Relevant antibodies were added to the

chromatin samples and rotate overnight at 4<C. Protein A-agarose/salmon sperm DNA or
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protein G-agarose/salmon sperm DNA were added beads to the chromatin samples for 2
h at 4<C. Samples were washed following Millipore EZChIP assay protocol(17-295).
Resuspend beads and input samples in elution buffer for ChIP supplemented with 1 pL of
proteinase K (20 pg/uL), and incubate samples for overnight at 65<C. DNA was purified
using PCR purification kit (QIAGEN) and eluted with 50ul ddH,O. The following
primers were used: Sox2 -15k-a (-14964 to -14802) 5’-
ACTACTGGTTCCTGATTCCCTCATC-3 and 5’-
GCAAGTCCGCAAAAGTTGTCTC-3’; Sox2 -15k-b (-15149 to -15046) 5’-
TTCCCAACCCCGTGAGAAAG-3’ and 5°’-GCAGAAACTGAGGTGACTGACCAG-3’;
Sox2 -2.5k (-2668 to -2517) 5’-CCACCCTTATCCACACCAATTCC-3’ and 5’-

TGATTGTCCAGACGCCACAAAG-3".

9. Promoter reporters and dual luciferase assay

Cells were plated at 8 < 104 cells per well in a 24-well plate and transfected via
Lipofectamine™ 2000 with different combinations of 100 ng of either CMV-FoxM1B
expression construct or empty vector and 0.5 pg of luciferase reporter as indicated. In all
treatments, 3 ng of CMV-Renilla luciferase was co-transfected as an internal control.
Cells were harvested 24 h after transfection, and protein extracts were subjected to Dual
luciferase assays (Promega) with firefly luciferase activity normalized to Renilla
luciferase activity. Promoter activity was expressed as fold induction of transcription by
the FoxM1b expression vector, where the promoter activity resulting from transfection

with empty vector was set at one.

10. Immunofluorescence, immunohistochemistry and TUNEL
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For immunofluorescence, cells were seeded in 8-well chamber slides and washed
with PBS, fixed in 4% paraformaldehyde, and blocked with 3% BSA for 1 h, and
incubated with primary antibodies overnight. After washing, samples were incubated
with biotinylated anti-rabbit or anti-mouse secondary antibodies and then incubated with
fluorescein isothiocyanate (FITC)-conjugated avidin (Vector Laboratories, Burlingame,
CA). Slides were mounted in Vectashield fluorescent mounting medium containing 4, 6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories). Cells were then observed using
standard UV, rhodamine, or FITC filters under 40X and 63X differential interference
contrast oil immersion objectives using a Zeiss LSM 5 PASCAL confocal microscope.
Images were obtained with an Axiocam HRc color digital camera and LSM 5 PASCAL
software (Zeiss, Jena, Germany).

For immunohistochemistry, tissues were formalin-fixed and paraffin-embedded.
Antigen retrieval was performed in 10 mM sodium citrate buffer on heat plate with a
temperature above 90<C for 20 minutes. Immunohistochemistry was performed using the
VECTASTAIN Elite ABC Kit (rabbit 1gG). Reactions were visualized with DAB. Slides
were mounted in Vectashield fluorescent mount media containing DAPI (Vector
Laboratories).

For TUNEL staining, cells were seeded in 8-well chamber slides and washed with
PBS, fixed in 1% paraformaldehyde. Cells were then permeabilized with ethanol:acetic
acid 2:1 and washed with PBS. TUNEL staining was performed using the Apoptag
Florescein In Situ Apoptosis Detection Kit (Millipore S7110). Slides were mounted in
Vectashield fluorescent mounting medium containing 4, 6-diamidino-2-phenylindole

(DAPI) (Vector Laboratories). Cells were then observed using standard UV and FITC
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filters under 40X and 63X differential interference contrast oil immersion objectives
using a Zeiss LSM 5 PASCAL confocal microscope. Images were obtained with an
Axiocam HRc color digital camera and LSM 5 PASCAL software (Zeiss, Jena,
Germany).

11.  Wound healing assays and invasion assays

For the wound healing assays, cells were grown to confluence in 6-well plates and
serum-starved for 24 hours. Wounds were carefully made across the cell monolayer, and
the medium was replaced by fresh complete growth medium. Cell migration was
monitored for 24 hours.

BD BioCoat™ Matrigel Invasion Chambers (BD Pharmingen) were used for
invasion assays. Cells were serum-starved for another 24 hours. 5 x 10* cells were plated
in the top chamber of a Transwell (24-well insert; pore size, 8 um; Corning) and
incubated with 1% FBS containing medium. 20% FBS containing medium was added to
the lower chamber as a chemoattractant. After 18 hours, cells that did not migrate through
the pores were removed by a cotton swab, and the cells on the lower surface of the
membrane were stained by crystal violet. Images were taken under the phase-contrast

microscope using 10X magnification.
12.  Animals, xenograft/allograft assay and intravenous tail vein injection

The CreERT2 strain (Strain 01XAB) was obtained from Tyler Jacks’ laboratory
(Massachusetts Institute of Technology, USA). Foxmlb fl/fl strain was previously
generated in the lab. The C57BI/6 p53 +/- strain was obtained from the Jackson

Laboratories (Bar Harbor, ME). The triple transgenic CreERT2, Foxmlb fl/fl, p53-/-



21

mice were generated by mating the three individual strains. NU/NU nude mice were
obtained from Charles River Laboratories (Wilmington, MA). ICR SCID mice were

obtained from Taconic Farms (Germantown, N.Y.)

Cells were counted and suspended in cold PBS. For allograft model, 1x106 cells
were injected subcutaneously into rear flank of the nude mice. After palpable tumor
formation, mice were randomized into two groups. Either corn oil or tamoxifen (1mg/per
injection) were injected into the nude mice intraperitoneally every other day. Tumor sizes
were measured with a caliper and calculated by length*height*width*0.5. For xenograft
model, cells were treated with control or FoxM1 siRNA for 24 hours. 1x10° cells were
injected subcutaneously into nude mice (Nu/Nu strain, Charles River). Picture of the mice

were taken four weeks after injection.

For tail vein injection, cells were stably transduced with pFU-L2G luciferase
construct obtained from Sanjiv Sam Gambhir (M.D., Ph.D) of Stanford University and
optimized by Dr. Huiping Liu. This construct enables the expression of both the
bioluminescence and green fluorescence protein. eGFP positive cells were sorted by
Beckman Coulter MoFlo. 3x106 cells were suspended in cold PBS and injected through
tail vein. Live animal imaging was done on the IVIS Spectrum optical imaging machine

(Caliper Life Sciences, Alameda, CA).

13. Peptide treatment

Both wild type ARF 26-44 (rrrrrrrrrKFVRSRRPRTASCALAFVN) and mutant
ARF 37-44 rrrrrrrrrSCALAFVN peptides were synthesized by Genemed Synthesis Inc.

(San Antonio ,Texas). The N-terminus of each peptide was modified with nine D-Arg(r)
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residues. The peptides were also blocked with amidation at the C terminus and
acetylation at the N terminus. For sarcoma cells, mice were treated with 5mg/kg body
weight of peptide every other day for 10 times. For lymphoma cells, mice were treated

with 2.5mg/kg body weight of peptide every other day for 10 times.

14, Statistical analysis

Statistical significance was calculated by the Student’s t test (two tailed) with
GraphPad Prism software, Microsoft Excel and R. Statistically significant changes were
indicated with asterisks (* p<0.05, ** p<0.01). Kaplan-Meier survival proportion was

plotted and analyzed by SAS 9.2.
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1. RESULTS

1. FoxM1 in Tumorigenicity of the Neuroblastoma Cells and in Renewal of the
Neural Progenitors

A. Backgrounds

Neuroblastoma, a malignancy derived from neural crest of the sympathetic
nervous systems (SNS), is the second most common solid tumor in childhood and the
most common tumor of infancy with a incidence of 10.2 cases per million children under
age of 15 (56, 57). The origin of neuroblastoma is thought to be incompletely committed
precursor cells derived from neural crest tissues (57). Neuroblastoma is unique in terms
of its clinical bipolarity. Although tumors found in patients younger than one year are
highly curable and undergo regression with minimal treatments, tumors diagnosed in
older patients often grow relentlessly despite intensive and multimodal treatments with
only 30% to 40% long-term survival rate (56-58). The unfavorable prognosis has been
associated with several factors including MYCN and TrkB gene amplification and
chromosome 1p losses (59-61). However, the molecular pathways mediating

tumorigenicity of aggressive neuroblastoma remain largely unclear.

Consistent with its clinical bipolarity, neuroblastomas are heterogeneous in terms
of pathological features, ranging from tumors containing predominantly undifferentiated
neuroblast cells to those that are mainly well-differentiated neurons surrounded by
Schwann stroma cells (56, 62). This heterogeneous feature is manifested in the cell lines
established in vitro. The less malignant S-type cells (substrate-adherent and non-neuronal)

are usually flattened and attach strongly to the substrate. The N-type neuroblastoma cells
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(neuroblastic), which grow as poorly attached aggregates of small and rounded cells, are
tumorigenic and rapidly proliferating. The I-type (intermediate) cells, which are less
differentiated than the N type, represent malignant, multipotent neural crust stem cells
(63-65). The I-type neuroblastoma cells possess self-renewal ability and have
significantly higher tumor-forming capacity, as determined by soft agar colony formation

and tumor growth in immunodeficient mice (62, 64, 65).

Studies from both patient samples and in vitro cell culture system suggested that
neuroblastoma contains pluripotent tumor initiating cells (TICs) (66-69). The existence of
TICs may account for both the heterogeneity nature of neuroblastoma as well as the
tumor relapse (66, 68, 69). It is also consistent with the observation that the I-type
neuroblastoma cells, the most aggressive type of neuroblastoma cells, are malignant
neural crest stem cells that possess the ability to self-renewal (65). High frequency of the
I-type cells in tumor is associated with increased recurrence (64). A better understanding
of the tumorigenicity mechanism of the neuroblastoma possessing stem-cell properties

will be critical to improve therapeutic outcomes.

Sox2 (sex determining region Y box 2) is a transcription factor that is essential for
the maintenance of self-renewal and growth of both embryonic and adult stem cells (70).
Recent evidence implies that Sox2 is involved in promoting tumorigenicity in malignant
tissues. Sox2 functions as a lineage-survival oncogene in lung and esophageal squamous
cell carcinoma, where it promotes oncogenic function of tumor cells (71). Consistently,
Sox2 silencing in glioma leads to inhibition of proliferation and loss of tumorigenicity
(72). Its expression is also detectable in several other types of malignant tumors including

neuroblastoma (73-77).
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| discovered that depletion of FoxML1 inhibits tumorigenicity of neuroblastoma,
which is associated with the induction of differentiation. Furthermore, | found FoxM1 is
able to directly activate the expression of pluripotency gene Sox2 in neuroblastoma. Also,

deletion of FoxM1 impairs the self-renewal of mouse neural stem/progenitor cells.

B. FoxMLl is critical for the tumorigenicity of neuroblastoma cells

Expression studies with patient samples by several groups have revealed that
FoxM1 mRNA is significantly up-regulated in neuroblastoma tissue samples compared
with noncancerous ganglioneuroma or less aggressive ganglioneuroblastoma (78-80). A
box plot representing two different datasets from publicly available database is shown
(Fig. 1A) (78, 79). However, the biological function of FoxM1 in neuroblastoma has not
been elucidated. To evaluate the role of FoxM1 in neuroblastoma, | first investigated the
effects of FoxM1 on anchorage-independent growth, which is a hallmark of
tumorigenicity. | reduced FoxM1 expression by siRNA in two different types of
aggressive neuroblastoma cell lines: SK-N-BE (2) and BE(2)-C. SK-N-BE(2) belongs to
N-type neuroblastoma cells, whereas BE(2)-C belongs to the most malignant I-type
neuroblastoma cells (63-65). After 72 hours siRNA transfection, the protein level of
FoxM1 was reduced significantly in these two cell lines, as evidenced by the western blot
(Fig. 1B). The anchorage-independent growth capacity of neuroblastoma cells was
checked by performing soft agar colony formation assay. Ablation of FoxM1 by siRNA
led to a profound decrease in the number of colonies formed in both cell lines (Fig. 1C).
The SK-N-BE (2) cells formed about 80% less colonies in FoxM1 siRNA treated cells

compared with control siRNA treated cells. For the BE (2)-C line, the reduction was
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even more severe. FoxM1 knockdown led to about 90% reduction in the number of

colonies by quantification (Fig. 1C).

Similar effect was observed in vivo when BE(2)-C cells (1 X 10° cells) were
injected subcutaneously in nude mice. The control group, expressing control siRNA,
formed tumors within two weeks of injection, whereas the FoxM1 siRNA expressing
cells failed to form tumors in four weeks (Fig. 1D). The strong inhibition of tumor
growth demonstrated that FoxM1 is critical for the tumorigenicity of the neuroblastoma
cells. The loss of tumorigenicity could not be explained sufficiently by the inhibition of
cell growth. A growth curve analysis following depletion of FoxM1 indicated only a
partial retardation of growth at the initial time-points (Fig. 2A). At later time-points, cell
counts from FoxM1 silenced increased, most likely due to re-expression of FoxM1.
Moreover, | did not see any significant increase in apoptosis based on changes in the sub-
G1 population and caspase-3 activation following depletion of FoxM1 in the BE(2)-C
cells (Fig. 2B and C). The differential effect of transient FoxM1 knockdown on growth
curve versus anchorage-independent growth or growth in xenografts suggests that a
continuous presence of FoxML1 is critical for the tumorigenicity of the neuroblastoma

cells.
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Figure 1

FoxM1 is critical for the tumorigenicity of neuroblastoma. A, Normalized FoxM1
MRNA level in 2 publically available mRNA expression profile datasets. White box=
benign ganglioneuroma or ganglioneuroblastoma. Grey box=neuroblastoma. P values for
the two datasets are 2.06E-10 and 3.82E-6. B, Immunoblot showing depletion of FoxM1
by siRNA in BE(2)-C and SK-N-BE (2) cells. Cell lysates were collected at 72 hours
after transfection. C, Representative pictures and quantification of anchorage-independent
growth on soft-agar plates. 24 hours after FoxM1 or control siRNA silencing, cells were
plated at a density of 8x103 cells per well in a six-well plate. Colonies were stained and
counted after three weeks. D, Picture of nude mice after 4 weeks subcutaneous injection
of BE(2)-C cells treated with control or FoxM1 siRNA.
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Figure 2

FoxM1 moderately affects the growth of neuroblastoma cells. A, 24 hours after
FoxM1 or control siRNA transfection, cells were trypsinized and seeded at a density of
2x103 cells per 48-well plate for proliferation assay. Viable cell number was measured
by using CellTiter-Glo luminescent cell viability assay kit (Promega) every two days.
The fold change in cell count was presented by luminescence unit and was normalized by
day zero. B, 72 hours after FoxM1 or control siRNA transfection, cells were fixed and
stained with propidium iodide (PI) and analyzed by flow cytometry for sub-G1
population. C, 72 hours after FoxM1 or control siRNA transfection, cell lysates were
collected and assayed for cleaved caspase-3 by immunoblot. [-catenin was used as
loading control.
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C. Transient loss of FoxM1 leads to spontaneous differentiation

Several recent studies, in other tumor models, indicated a link between the state of
differentiation of the tumor cells and their tumorigenicity. For example, in human liver
cancer it was shown that the tumorigenicity correlated with the presence of stem cell-like
cancer cells (81). Moreover, there is a strong association between poor differentiation and
aggressiveness of breast cancers (82). Since the neuroblastoma cells used in our
tumorigenicity studies contain stem-like progenitor cells, | considered the possibility that
the depletion of FoxM1 inhibits tumorigenicity by inducing differentiation. | investigated
the effects of FoxM1 depletion on differentiation of the BE (2)-C cells, which belong to
I-type neuroblastoma cells representing the neural crust stem cell. Retinoic acid is able to
induce differentiation of these cells towards neuronal lineage (65). | observed that
following five days after retinoic acid treatment, BE (2)-C cells started to exhibit
morphology of differentiated neurons with neurite extension (Fig. 3A). Interestingly, the
level of FoxM1 was significantly decreased in the differentiated cells (Fig. 3B).
Moreover, | observed that FoxM1 knockdown alone was able to induce a significant
increase of the neuronal differentiation phenotype in BE (2)-C cells (Fig. 3A).
Furthermore, depletion of FoxM1 alone resulted in a significant increase in the levels of
neuronal differentiation markers NF-M and beta-tubulin I11 (Fig. 3B). Interestingly, the
pluripotency gene Sox2 was down-regulated by both retinoic acid and FoxM1 siRNA
(Fig. 3B). Together these results clearly indicate that FoxM1 is important for

maintaining the undifferentiated state of the I-type neuroblastoma cells.
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Figure 3

BE(2)-C cells with reduced FoxM1 undergo differentiation. A, BE(2)-C cells were
transfected with control siRNA or FoxM1 siRNA. Retinoic acid (RA) was added to
induce differentiation 72 hours after transfection. Representative pictures of these cells
were taken 3 days (d3) and 5 days (d5) after retinoic acid (RA) treatment under
microscope. Cells without retinoic acid treatment were also pictured at the same time
point (CONT). B, Immunoblot of cell lysates collected 5 days after retinoic acid
treatment. FoxM1, Sox2, Neurofilament medium (NF-M) and tubulin 111 were detected
by western blot.  [3-catenin was used as loading control.
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D. FoxML1 directly activates expression of the pluripotency gene Sox2

The pluripotency gene Sox2 has been implicated in the maintenance of neural
stem cell pool (70) and it has been found to be involved in mediating tumorigenicity of
several types of human malignancies by impacting the anchorage-independent growth (71,
72). Therefore, | tested the hypothesis that FoxML1 is critical for the expression of Sox2
in the neuroblastoma cells. One study reported that over-expression of FoxM1 in P19
teratocarcinoma cells increases expression of Sox2(83). However, it is unclear whether
the regulation is direct. In order to elucidate the connection between FoxM1 and Sox2 in
neuroblastoma, | checked the expression level of Sox2 after FoxM1 silencing. The
MRNA level of Sox2 was remarkably reduced in both SK-N-BE(2) and BE(2)-C cells
following FoxM1-silencing (Fig. 4A). Furthermore, the protein level of Sox2 was
decreased in FoxM1 siRNA treated samples compared with control siRNA treated or
non-treated samples, evidenced by immunoblot (Fig. 4B). These results indicated that
FoxM1 might regulate Sox2 at the transcriptional level. | assayed for the expression of
polycomb family member Bmil, which has been implicated in promoting tumorigenicity
of neuroblastoma cells (84, 85). Interestingly, it was observed that, similar to Sox2, Bmil
expression level also tightly correlated with FoxM1 in neuroblastoma, which indicated
that it might also be involved in FoxM1 mediated tumorigenicity of neuroblastoma cells

(Fig. 4A, B).

Bmi-1 has been previously reported to function downstream of FoxM1 through
activation of c-Myc (36). Therefore, | focused on revealing the relationship between
FoxM1 and Sox2. To test whether FoxM1 is able to stimulate Sox2 expression in

neuroblastoma cells, | transiently transfected FoxM1 expression plasmid into BE(2)-C
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cells. Expression of FoxM1 led to an increase in the Sox2 mRNA level (Fig. 4C). In
addition, by immunoblot, | observed that the Sox2 protein also responded to FoxM1 up-
regulation compared with the control transfection (Fig. 4D). Similar result was observed
by stably over-expressing FoxM1 in S-type neuroblastoma SK-N-AS cells (Fig. 5) and
the ectopic expression of FoxM1 led to increased colony formation on plate and

anchorage-independent growth in soft agar (Fig. 5A and B).
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Figure 4

Sox2 expression correlates with FoxM1 in neuroblastoma cells. A, mRNA levels of
FoxM1, Sox2 and Bmil detected by qRT-PCR. BE(2)-C and SK-N-BE (2) cells were
transfected with control sSiRNA or FoxM1 siRNA for 72 hours. The mRNA levels were
normalized to human cyclophilin mRNA, and the control groups were set to one. B,
Immunoblot showing the protein level of FoxM1, Sox2 and Bmil from the same samples
described in A. a-tubulin was used as loading control. C, mRNA levels of FoxM1 and
Sox2 detected by qRT-PCR 24 hours after transfecting BE(2)-C cells with empty vector
or pCMV-FoxM1 plasmid. The mRNA levels were normalized to human cyclophilin
mRNA, and the control groups were set to one fold. D, Immunoblot showing the
expression of FoxM1 and Sox2 from the samples described in C. B-catenin and p-actin
were used as loading controls.
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Figure 5

FoxM1 promotes tumorigenicity in SK-N-AS cells. A, Colony formation is induced in
cells stably expressing FoxM1. 2x10° SK-N-AS cells stabling expressing empty vector
or FoxM1 were plated per well in a six-well plate in triplicate. Colonies were stained and
quantified after 2 weeks. B, Representative pictures and quantification of anchorage-
independent growth of SK-N-AS cells stabling expressing empty vector or FoxM1. Cells
were plated a density of 1.6x10* cells per well in a six-well plate. Colonies were stained
and counted after three weeks. C, Immunoblot showing expression of FoxM1 and Sox2
of SK-N-AS cells stabling expressing empty vector for FoxM1. o—tubulin was used as
the loading control.
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Next, | tested the possibility that FoxM1 directly stimulates Sox2 expression by
binding to its regulatory region. Analysis of human Sox2 upstream regulatory region by
using MacVector software revealed one putative FoxM1 binding motif 15kb upstream of
the transcriptional start site (-15023 to -14991) (Fig. 6A). To determine whether FoxM1
binds to this site, | utilized quantitative chromatin immnoprecipitation assay (ChlP). |
first tested whether FoxM1 binds to Sox2 regulatory region at endogenous level. BE (2)-
C cells were cross-linked and sonicated. The chromatins were immunoprecipitated with
either FoxM1 specific antibody (Ab) or rabbit serum (control). The amount of
endogenous Sox2 DNA bound by FoxM1 was determined by PCR using two different
sets of primers flanking the DNA sequences near the potential binding sites (-14963 to -
14801 and -15148 to -15040). Compared with serum control, FoxM1 antibody was able
to enrich the DNA fragments upstream 15kb region of the Sox2 gene with both sets of
primers and there was no enrichment by using primers flanking non-specific region
around -2.5kb upstream (Fig. 6A). To confirm the specificity of the endogenous binding
of FoxML1 to the Sox2 regulatory region, | investigated whether knockdown of FoxM1
would disrupt the interaction. Chromatin samples were collected from both FoxM1
SiRNA treated BE(2)-C cells and control siRNA treated BE(2)-C cells. The amount of
Sox2 regulatory region DNA enriched by FoxM1 antibody in both samples was
quantified by RT-PCR with two different sets of primers specific to upstream 15kb
region of the Sox2 gene. FoxM1 knockdown led to a half fold reduction in the
immunoprecipitation of the -15kb region amplicons (Fig. 6B) which indicated the binding
is FoxM1 specific. These results showed that, in the BE(2)-C cells, endogenous FoxM1

binds to the Sox2 upstream region (Fig. 6A) and activates expression of Sox2 (Fig. 5A).
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To test the transcriptional activity FoxM1 on human Sox2 upstream regulatory
region, | cloned the human Sox2 upstream sequence (-15178 to -14836) encompassing
the predicted binding motif into pGI3 construct (wt-pGI3-Sox2) as well as the mutated
human Sox2 sequence where four canonical FoxM1 binding motif GTTTs were mutated
into CTTTs (mut-pGI3-Sox2) (Fig. 6C). | performed dual luciferase assay by co-
transfecting BE (2)-C cells with FoxM1b expression construct and either wild-type Sox2
reporter plasmid or mutated reporter plasmid. Overexpression of FoxM1b resulted in a 3-
fold increase in wild type Sox2 promoter activation relative to empty vector transfection;
whereas it failed to stimulate the mutated Sox2 luciferase construct (Fig. 6C). Similar

results were obtained in U20S cells (data not shown).

In addition, | found that expression of Sox2 in BE(2)-C cells treated with FoxM1-
SIRNA caused a partial, but significant, reversal of the anchorage-independent growth
(Fig. 6D). An incomplete reversal is consistent with the possibility that FoxM1 activates
expression of other genes required for the anchorage-independent growth. It is likely that
Bmil, the expression of which decreased following FoxM1 silencing, is involved (Fig.
5A and B). Also, | assayed for other pluripotency genes in BE(2)-C cells for their
dependence on FoxM1. Depletion of FoxM1 resulted in a significant loss of Oct4, Ezh2
and Suz12 expression (Data now shown). To further investigate the role of Sox2 in the
anchorage-independent growth of the BE(2)-C cells, 1 employed Sox2 siRNA, which
caused a significant loss of the anchorage-independent growth in soft agar colony
formation assay compared with control siRNA treatment, indicating a critical role of
Sox2 in neuroblastoma cells (Fig. 7A,B and C). More interestingly, silencing of Sox2

largely compromised the increased number of soft agar colonies caused by over
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expressing of FoxML1 in the BE(2)-C cells (Fig. 7C and D), suggesting that Sox2 is one of
the key downstream mediators of FoxM1 in inducing anchorage-independent growth of

the neuroblastoma cells.
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Figure 6

FoxM1 activates Sox2 by binding to its upstream regulatory region. A, Schematic
diagram of human Sox2 upstream region. Predicted FoxM1 binding region was shown in
the box (-15023 to -14991). Arrows indicated positions for designed chromatin
immunoprecipitation (ChlIP) primers -15k-a (-14963 to -14801), -15k-b (-15148 to -
15040) and -2.5k (-2668 to -2517). Endogenous binding of FoxM1 to Sox2 upstream
region as determined by chromatin immunoprecipitation (ChIP) assay. Crosslinked and
sonicated chromatin fragments from BE(2)-C cells were precipitated with either FoxM1
antibody or rabbit 1gG. Semiquantitative PCR was performed to determine the amount of
DNA that was precipitated by FoxM1 antibody or 1gG control by using indicated primers
targeting predicted binding region (-15k-a and -15k-b) or non-binding region (-2.5k). B,
BE(2)-C cells were transfected with control or FoxM1 siRNA for 72 hours. Chromatins
were crosslinked, sonicated and precipitated with FoxM1 antibody. The amount of Sox2
upstream region precipitated by FoxM1 antibody was determined by gRT-PCR by using
primers targeting predicted binding region (-15k-a and -15k-b). C, Left, Schematic
diagram of wild type and mutated human Sox2 luciferase constructs. Four canonical
FoxM1 binding motif GTTTs were mutated into CTTTs. Right, fold induction of human
Sox2 promoter luciferase activity by overexpression of FoxM1 is shown. The amount of
wide type Sox2 promoter luciferase activity by empty vector stimulation was set at one
fold. D, Representative pictures and quantification of anchorage-independent growth on
soft-agar plates. BE(2)-C cells were co-transfected with different combination of
expression vector and siRNA as indicated. Twenty-four hours after transfection, cells
were plated at a density of 2x10° cells per well in a six-well plate. Colonies were stained
and counted after three weeks.
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Figure 7

FoxM1 mediated anchorage-independent growth requires expression of Sox2. A,
Immunoblot showing depletion of Sox2 by siRNA in BE(2)-C cells. Cell lysates were
collected at four days after transfection. B, 24 hours after Sox2 or control siRNA
transfection, cells were trypsinized and seeded at a density of 2x10° cells per well in a 48-
well plate for proliferation assay. Viable cell number was measured by using CellTiter-
Glo luminescent cell viability assay kit (Promega) every two days. The fold change in
cell count was presented by luminescence unit and was normalized by day zero. C,
BE(2)-C cells were first transfected with empty or pCMV-FoxML1 plasmid for 24 hours,
and then transfected with either control siRNA or Sox2 siRNA for another 24 hours.
Cells were plated at a density of 8x10° cells per well in a six-well plate in soft agar plate.
Colonies were stained and quantified after three weeks. D, Quantification of colonies
numbers derived from C. Colony large than 100um in diameter was defined as large
colony and colony which has diameter between 25-100um was defined as small colony.
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E. FoxM1 deletion results in impaired self-renewal of the E14.5 Neural

Stem/Progenitor Cells

Both Sox2 and Bmil are critical for self-renewal of the neural cortical
stem/progenitor cells (70, 86). If FoxML1 is important for expression of these genes in
those cell type, | hypothesized that deletion of FoxM1 will inhibit self-renewal of the
neural cortical stem/progenitor cells. To test this possibility, | took advantage of the well-
established protocol to culture neural cortical stem/progenitor cell in vitro (87) (also see
schematic in Fig. 8A). The embryonic cortical tissue from day 14.5 ERT2-Cre
FoxM1fl/fl embryo was dissected and digested to generate neurospheres in serum-free
medium. The ERT2-Cre FoxM1fl/fl strain was generated by crossing ERT2-Cre strain
with FoxM1 fl/fl strain. ERT2-Cre allele allows the activation of Cre-recombinase upon
tamoxifen administration, which in turn excises the FoxM1 alleles from the genome. To
check whether FoxM1 regulates Sox2 and Bmil in neural stem/progenitor cells, same
number of dissociated neural stem/progenitor cells was kept in serum-free NSC medium
containing either 4-OH tamoxifen or ethanol as vehicle control. After 4 days, FoxM1
MRNA was remarkably decreased along with decreases in Sox2 and Bmil expression, as
evidenced by RT-PCR and immunoblot (Fig. 8B and C). The level of Nestin, another
neural stem cell marker, also went down (Fig. 8C). To exclude the possible side effect
from tamoxifen, in parallel, wildtype neurospheres were generated and cultured in the
same setting. Tamoxifen treatment did not lead to any significant reduction of Sox2 and
Bmil, which indicated the effect of Sox2 and Bmil reduction is due to FoxM1 ablation

(Fig. 8B).
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Figure 8

Decreased Sox2 expression in neural stem/progenitor cells following FoxM1
depletion. A, Schematic diagram describing the experimental procedure. B, ERT2-Cre
FoxM1fl/fl neural stem/progenitor cells were treated with vehicle or 50nM 40H-
tamoxifen treatment for four days after being dissociated into single cells. mRNA levels
of FoxM1, Sox2 and Bmil were detected by qRT-PCR. Wildtype neural stem/progenitor
cells with same treatment were used as control. The mRNA levels were normalized to
mouse cyclophilin mRNA, and the vehicle control groups were set to one fold. C,
Immunoblot showing the expression of FoxM1, Bmil, Sox2 and Nestin of ERT2-Cre
FoxM1fl/fl neural stem/progenitor cells treated with vehicle or 50nM 40H-tamoxifen. 3-
actin was used as loading control.
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In addition, I performed the neurosphere assay, which measures the capacity of a
primary neurosphere to form new multipotent neurosphere after dissociation, as an
indicator of self-renewal capacity (See schematic in Fig. 9A). The ERT2-Cre FoxM1fl/fl
neurospheres were dissociated into single cells. Same number of cells was kept in serum-
free NSC medium containing either 4-OH tamoxifen or ethanol as vehicle control. After
6 days, number of neurosphere formed was counted. A representative picture of the
neurospheres counted was shown (Fig.9B). | found that FoxM1 deletion by tamoxifen
treatment led to a significant decrease in the frequency of newly-formed neurosphere
compared with vehicle control (Fig. 9C), indicating that loss of FoxM1 impairs the self-
renewal of previous neural stem/progenitor cell population. The same procedure was
repeated with the newly formed primary neurospheres to obtain secondary neurospheres
in either 4-OHT tamoxifen treated and control treated samples (Fig. 9A). After 6 days, |
found the difference in neurosphere frequency was even more dramatic (Fig. 9D). |
observed no obvious difference in primary neurosphere frequency in the wild type
neurospheres. Similar effects on primary neurosphere frequency were observed when the
ERT2Cre FoxM1fl/fl neurospheres were treated with adenovirus expressing lacZ gene or
Cre recombinase. The primary frequency of neurosphere was decreased by adeno-Cre
treatment (Fig. 9C). Together, these data suggested that FOxM1 is necessary to maintain

the self-renewal of cortical neural stem/progenitor cells.
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Figure 9

Loss of FoxM1 impairs the self-renewal of neural stem/progenitor cells. A,
Schematic diagram describing the experimental procedure of neurosphere assay. B,
Representative picture of neurospheres. C, Quantification of primary neurosphere
frequency. Neural stem/progenitor cells were dissociated into single cells and same
amount of cells were plated in triplicate for each treatment. Wildtype neural
stem/progenitor cells were treated with vehicle or 50nM 40H-tamoxifen as controls.
ERT2-Cre FoxM1fl/fl neural stem/progenitor cells were treated with vehicle or 50nM
40H-tamoxifen in one set and AdlacZ or AdCre virus in another set. Six days later, the
number of neurospheres was counted under microscope. The frequency of neurosphere
was calculated by dividing the number of neurospheres formed by the number of initial
single neural stem/progenitor cells plated. The neurosphere frequency was normalized to
the vehicle control which was set to 100%. D, ERT2-Cre FoxM1fl/fl neurosphere formed
from the set treated with vehicle or 50nM 40OH-tamoxifen described in C were
dissociated again and same amount of cells were plated and treated with another round of
vehicle or 50nM 40H-tamoxifen. Six days later, the secondary neurosphere frequency
was obtained in the same way.
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2. Targeting FoxM1 effectively retards p53-null lymphoma and sarcoma

A. Backgrounds

The tumor suppressor p53, encoded by the TP53 gene, is a short-lived
transcription factor involved in a wide range of cellular processes that are critical for
tumor suppression (88-90). Though p53 is expressed at a low level in normal cells, it
serves as a protective barrier against development of many types of cancers mainly
through preventing proliferation of the incipient cancer cells, induction of apoptosis, as
well as through its role in the maintenance of genome integrity (90). Mice deficient in
p53 develop spontaneous tumors including thymic lymphoma and sarcoma (90, 91). The
essential role of p53 as a tumor suppressor is further manifested by the fact that the p53
gene is mutated in approximately half of the human cancers (88). Given the high
prevalence of p53 inactivation in human cancers, it is important to validate therapeutic
strategies targeting cancer cells with loss of p53 function.

Given the multifaceted functions of FOXM1 in tumor progression, targeting
FOXML represents a rational and promising anti-cancer therapeutic strategy. This is
further supported by the fact that FOXML is a proliferative-specific transcriptional factor
whose expression is unique to the proliferating cells (4, 92). Several strategies have been
developed to target FoxML1 in cancer cells. Based on the fact that FoxM1 is an inhibitory
target of mouse ARF tumor suppressor, a cell penetrating ARF .44 peptide which
consists of 9 N-terminal D-arginine (D-Arg) residues and amino acid residues 26-44 of
the mouse ARF protein was synthesized (30). The ARF .44 peptide, which inhibits
FOXML1 by sequestering it to the nucleolus, is effective in diminishing tumor size in

HCC by reducing tumor cell proliferation and inducing apoptosis (51). That ARF peptide
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also effectively prevents pulmonary metastasis of HCC cells (42). In addition, thiazole
antibiotics have been shown to down-regulate FOXM1 and induce apoptosis in various

cancer cells (52, 53).

In this study, | demonstrate that FOXML1 is critical for survival and growth of
p53-/- tumor cells both in vitro and in vivo. The ARF .44 peptide, which inhibits the
activity of FOXML1, induces apoptosis in p53 null tumors. These observations validate the

therapeutic strategy of targeting FOXM1 in tumors with p53 loss of function.

B. p53 null thymic lymphoma and sarcoma cells are addicted to FoxM1 for

survival

FoxM1 is a p53-regulated gene (34, 35). Our database analyses indicated that
FoxM1-mRNA is up regulated in cancers harboring mutations in p53 (Fig. 10) (93-96).
In this study, | analyzed the role of FoxM1 in p53 loss-of-function tumors. To investigate
that, | generated a strain of triple transgenic mice harboring CreERT2, Foxm1 fl/fl and
p53 -/- alleles by crossing the three individual strains. Mice developed a spectrum of
spontaneous tumors, as expected from the p53 null background (91). The presence of
CreERT?2 allele in the triple transgenic strain permits Cre recombinase expression upon
4-OH tamoxifen treatment to excise flox flanked Foxm1 alleles and thus silencing FoxM1
expression. However, our attempts to study the effects of Foxm1 deletion on endogenous
lymphomas/sarcomas were inconclusive mainly because the lymphomas/sarcomas
developed at different times in the cohorts of mice used in the study. Also, since the
Foxm1 alleles are deleted in most cell types in this system, it would be difficult to avoid

the effects of Foxml-deletion in the other cell types on the lymphoma/sarcoma



55

development and progression. Therefore, | decided to isolate lymphoma/sarcoma cells
from the triple transgenic and analyze them in host mice. Two thymic lymphoma (L1 and
L2) and a sarcoma (S) triple transgenic cell lines were generated from the endogenous
tumors. In addition, a control thymic lymphoma line (C) isolated from Foxm1 fl/fl p53-/-
tumor was established in parallel. | tested the deletion efficiency of FoxM1 by
immunoblot and confirmed that FoxM1 expression was significantly reduced in triple
transgenic lines L1, L2 and S but not in control line C upon treatments with 4-OH
tamoxifen (Fig. 11A-D). A sarcoma line stably transduced with exogenous FoxM1
expression was generated. Treatments with 4-OH tamoxifen did not diminish the

exogenous FoxM1 expression (Fig. 11D).

To examine the effect of FoxM1 ablation, growth curves were plotted following
4-OH tamoxifen treatment. FoxM1 deletion led to a profound decrease in the cell
viability starting from early time point in all of the three triple transgenic lines L1, L2 and
S (Fig. 11A, B and D). The control lymphoma cell line C (Fig. 11C) as well as the
sarcoma cells stably expressing the exogenous FoxM1 (Fig. 11D) did not exhibit
inhibition, demonstrating that the phenotype was caused by FoxM1 ablation. | also tested
the tumorigenic properties of the sarcoma cells by performing soft agar assay. FoxM1
deletion significantly reduced the ability of cells to grow under anchorage-independent
conditions (Fig. 12A). Cells after FoxM1 deletion formed about 60% less colonies on soft
agar plate compared to the control. In addition, cells without FoxM1 also formed about
50% less colonies on adherent plate (Fig. 12B). These results indicate that FoxM1
function is important for the survival and tumorigenicity of tumor cells with p53 loss of

function.
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Figure 10

FoxM1 mRNA is elevated in p53 mutated tumors. Box plot of FoxM1 mRNA
expression level in tumors harboring mutations in p53 or having wild type p53. Datasets
were extracted from ONCOMINE database. P values were calculated using Student’s t
test.
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Figure 11

FoxM1 is critical for the survival and tumorigenicity of p53 null thymic lymphoma
and sarcoma. A-C, CreERT2, Foxm1 fl/fl and p53 -/- thymic lymphoma (represented by
“L1” and “L2”) and Foxm1 fl/fl and p53 -/- thymic lymphoma (represented by “C”’) were
treated with ethanol as vehicle or 800nM of 40H-tamoxifen (Tam). D, CreERT2, Foxm1l
fl/fl and p53 -/- sarcoma (represented by “S”) was treated with ethanol as vehicle or
800nM of 40H-tamoxifen (Tam). Sarcoma line stably transduced with FoxM1
expression was constructed (S: FoxM1) and treated with 800nM of 40H-tamoxifen. Cell
viability was measured by proportional luminescence signal generated by celltiter-glo
assay.
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Figure 12

A, Representative pictures and quantification of soft agar colonies of CreERT2, Foxm1l
fl/fl and p53 -/- sarcoma cells following control, 400nM and 800nM 4OH-tamoxifen
treatment. B, Representative pictures and quantification of foci formation assay of
CreERT2, Foxml fl/fl and p53 -/- sarcoma cells following control, 400nM and 800nM

40H-tamoxifen treatment.
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C. FoxM1 ablation diminishes expression of Survivin and Bmil in p53 null

tumors accompanied by apoptosis

Several studies have suggested targeting FoxM1 could serve as a therapeutic strategy
towards treatment of cancer (3, 51, 97). To validate this strategy in tumors harboring p53
loss of function, | utilized nude mice allograft model. One million thymic lymphoma (L1)
or sarcoma (S) triple transgenic cells were injected subcutaneously into nude mice. About
one week after injection, when the tumors became palpable, I randomized animals into
two treatment groups and started to administer either tamoxifen or vehicle for two weeks.
For both p53 null tumor lines, the tumors in the vehicle-treated control group grew
significantly faster than of the tumors treated with tamoxifen (Fig. 13A and B). FoxM1
expression was examined by performing immunohistochemical staining. FoxM1
expression was largely reduced following two-weeks of tamoxifen treatment, while in the
vehicle treated group abundant FoxML1 staining was detected, consistent with FoxM1

over-expression in tumor cells (Fig. 14A-D).

To investigate the basis for delayed tumor growth, I assayed for apoptosis of the
tumor cells using TUNEL staining. In both lymphoma and sarcoma derived tumor
sections, | observed an increased number of apoptotic cells following FoxM1 depletion,
evidenced by increase number of TUNEL positive cells (Fig. 13C-D, Fig. 14E-L). | also
assayed for cleaved caspase-3 and cleaved PARP, two apoptosis markers. Significant
increases in the number of cleaved caspase-3 and cleaved PARP positive cells were
detected in FoxM1-depleted cells (Fig. 14M-N). These observations suggested that the
inhibition of the p53-/- tumors following loss of FoxM1 resulted from enhanced

apoptosis of the tumor cells.
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The increased apoptosis upon FoxM1-depletion was somewhat surprising because the
p53-/- tumor cells are generally resistant to apoptosis (98). Survivin, which belongs to the
inhibitor of apoptosis protein (IAP) family, is a known transcriptional target of FoxM1
that plays important roles in both cell cycle regulation and inhibition of apoptosis (59, 99).
Previously, it was shown that reduced Survivin levels contributed to apoptosis of HCC
cells (51). Consistent with this finding, | observed that expression of Survivin, which is
abundant in control groups for both p53 null lymphoma and sarcoma, was down-
regulated following depletion of FoxM1 (Fig. 15A-D, I). Bmil, another FoxM1-induced
gene (8, 36), was shown also to protect tumor cells from apoptotic stimuli (100).
Therefore, | assayed for expression of Bmil in the tumor sections. | observed that the
expression of Bmil was largely diminished in FoxM1-ablated tumors (Fig. 15E-H, I).
These observations suggest important roles of Bmil and Survivin in the survival of the
p53-/- lymphoma and sarcoma. In Fig. 151, the doublet for Bmil is not obvious in the
Sarcoma samples because a higher percentage resolving gel was used. It is noteworthy
that although the reduction of Survivin and Bmil was evident, it was not complete
possibly due to the presence of other signaling pathways that control expression of these
two proteins. In that regard, NF-«xB/STAT3 and ERK/AMPK/p38MARK signaling
pathways were shown to activate the expression of Survivin (101, 102). In addition, the

expression of Bmil is regulated by microRNAs (103).
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Figure 13

FoxM1 ablation retards growth and induces apoptosis of allografted p53 null
lymphoma and sarcoma A, Tumor volumes of the subcutaneously inoculated CreERT2
Foxml fl/fl and p53 -/- thymic lymphoma cell L1 following FoxM1 ablation by
tamoxifen and control treatment are indicated. B, Tumor volumes of the subcutaneously
inoculated CreERT2 Foxm1 fl/fl and p53 -/- sarcoma cell S following FoxM1 ablation by
tamoxifen and control treatment are shown. C, Quantification of percentage of TUNEL
positive cell per field of sarcoma. D, Quantification of percentage of TUNEL positive
cell per field of thymic lymphoma.
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Figure 14

A, FoxM1 IHC staining of 5 micron allografted sarcoma tissue of control group. B,
tamoxifen treated group. C, thymic lymphoma control group. D, thymic lymphoma
tamoxifen group. E-F and I-J, Representative TUNEL and DAPI staining of tumor
sections from the subcutaneously inoculated CreERT2 Foxm1l fl/fl and p53 -/- sarcoma
after tamoxifen or control treatment are shown. G-H and K-L, Representative TUNEL
and DAPI staining of tumor sections from the subcutaneously inoculated CreERT2
Foxm1 fl/fl and p53 -/- thymic lymphoma after tamoxifen or control treatment are shown.
M, quantification of number of positive cleaved-caspase 3 (Aspl75) cells per field of
thymic lymphoma is shown. N, quantification of number of positive cleaved-PARP
(Asp214) cells per field of thymic lymphoma is shown.
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Figure 15

Reduced expression of Survivin and Bmil following FoxM1 ablation in p53 null
tumors. A-D, Representative Survivin staining of subcutaneously inoculated CreERT2
Foxml fl/fl and p53 -/- lymphoma and sarcoma cells following tamoxifen and control
treatment. E-H, Representative Bmil staining of subcutaneously inoculated CreERT?2
Foxml fl/fl and p53 -/- lymphoma and sarcoma cells following tamoxifen and control
treatment. I, Western blot of protein lysates extracted from allografted tumors assayed for
FoxM1, Bmil and Survivin. o—tubulin was used as a loading control. Lysates were
collected from both control oil treated mice and tamoxifen treated mice.
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D. ARF-derived peptide inhibitor of FoxM1 induces apoptosis in p53 null

tumor cells

A peptide (ARF 26-44) derived from the mouse tumor suppressor ARF has been
described that inhibits the activity of FoxM1 by re-localizing it to the nucleolus (30) (51).
A cell-penetrating form of the peptide efficiently targets FoxM1 in liver tumors. In the
DEN/PB induced mouse hepatocellular carcinoma model, the ARF-peptide is able to
inhibit HCC progression by inducing apoptosis (51). The ARF-peptide induced apoptosis
was observed mainly on the FoxM1-expressing cells. In addition, it has been shown to
block the metastatic growth of the HCC cells (42). In order to see whether the ARF-
peptide is able to inhibit the p53 null tumors, | first examined the effect of the peptide, in
vitro. A mutant peptide (ARF 37-44), which lacks the interacting domain with FoxM1,
was used as a control. One day after treatment the wild type ARF-peptide treated p53 null
thymic lymphoma cell lines L1 and L2 underwent apoptosis. The number of viable cells
was much less following treatment with wild type ARF peptide compared with cells
treated with the mutant-peptide or PBS (Fig. 16A). The induction of apoptosis by the
wild type peptide was demonstrated by TUNEL staining (Fig. 16B). A similar effect was
observed in p53 null sarcoma cells (Fig. 16A-B). However, compared to the sarcoma
lines, the p53-/- lymphoma cells are more sensitive to the ARF-peptide, where 5uM of
peptide was able to cause significant apoptosis (Fig. 16A). Cell growth and foci
formation assay, as well as cleaved caspase-3 staining were performed to confirm the
finding (Fig. 17). Treatments with the ARF-peptide strongly inhibited expression of

several FoxM1-induced genes, including Survivin, Bmil, EZH2, Stathmin and MMP9
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(Fig. 16D). The ARF-peptide had only a marginal effect on expression of Bax and

GADD45, which are not direct targets of FoxM1.
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Figure 16

ARF 2644 peptide activates apoptotic response in the p53 null tumor cells. A, Phase
contrast picture of CreERT2 Foxml fl/fl and p53 -/- thymic lymphoma and sarcoma cells
treated with PBS, ARF 37.44 peptide (Mut) or ARF 26.44 peptide (WT) at 24 hours. B,
TUNEL and DAPI staining of CreERT2 Foxm1 fl/fl and p53 -/- thymic lymphoma and
sarcoma cells treated with PBS, ARF 37.44 peptide (Mut) or ARF 26.44 peptide (WT) . C,
Quantification of percentage of TUNEL positive cells per field. D, Western blot of
protein lysates extracted from thymic lymphoma cells treated with PBS, ARF 37.44
peptide (Mut) or ARF .44 peptide (WT). a-tubulin was used as a loading control. The
band intensities were quantified by Image J program, and the relative intensities after
adjusting for loading control (intensity of the tubulin bands) are shown below each panel.
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Figure 17

Loss of viability of pS3 null cells following ARF 26-44 peptide treatment in vitro. A,
CreERT2 Foxml fl/fl and p53 -/- thymic lymphoma cell viability at Oh and 24 hours
following non, 5uM of ARF .44 peptide, 5uM of ARF 37.44 peptide or PBS treatment. B,
Foci formation of CreERT2 Foxm1 fl/fl and p53 -/- sarcoma cells following PBS, 25uM
of ARF ,7.44 peptide, or ARF 3544 peptide treatment. C, Cleaved-caspase 3 staining of
CreERT2 Foxml fl/fl and p53 -/- sarcoma cells 24 hours after 25uM of ARF ,7.44 peptide
treatment.
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E. ARF-peptide effectively reduces the colonization of p53 null tumor cells

in vivo

To test the therapeutic effect of the ARF-peptide on p53 null tumors in vivo, p53
null lymphoma/sarcoma cells were introduced into the circulation of SCID mice through
intravenous injection. Both p53 null sarcoma and lymphoma cells were stably transduced
with lentivirus carrying luciferase expression before injection. Shortly after injection,
comparable fluorescence was detectable in the lung by injecting luciferin using Xenogen
IVIS spectrum in vivo imaging machine (Fig. 18 A and C). Mice were randomized into
three groups and were treated with PBS, mutant-peptide or the wild type ARF-peptide for
10 injections every other day starting from day O by intraperitoneal injection. Ten days
after tumor inoculation, p53 null sarcoma cells were found to colonize the lung (Fig. 18A
and B). After 20 days following the initial inoculation, compared to the PBS and the
mutant peptide treated mice, the amount of luciferase signal from the wild type ARF-
peptide treated mice was significantly reduced. The mice were sacrificed and lung
sections were analyzed for tumor colonies. A reduced number of tumor colonies that
were larger than 100pm > 100pm were detected in the lungs of the wild type ARF-
peptide treated mice (Fig. 18B). Moreover, Survivin and Bmil expression was inhibited
in the colonized tumors from mice treated with the wild type ARF-peptide compared to

those treated with the mutant peptide (Fig. 18D).

The murine thymic lymphoma cells tended to colonize the kidney, liver and
spleen (104). For the p53 null thymic lymphoma cells, | observed metastatic growth in
kidney. Around 20 days after inoculation, PBS and the mutant ARF peptide treated mice

displayed strong luciferase signals from the colonized lymphoma cells in the lower back
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region. On the other hand, the wild type ARF-peptide treated mice emitted very little
fluorescence, indicating an inhibition of colonized tumors (Fig. 18C). When the mice
were sacrificed, large tumor masses were found in the kidney by microscopic
examination in the PBS and in the mutant peptide treated mice. Atypical pale coloration
and enlargement of the kidney were observed in the mice, and the mice carried a large
tumor mass that encompassed the two kidneys, the connective tissues and the spinal cords.
On the other hand, kidneys from the wild type peptide treated mice still retained the
original size and structure with only a small white mass started to build up on the surface
of the kidney (Fig. 19A and B). These results clearly indicated that the wild type ARF-
peptide was able to efficiently block the renal metastasis of the p53 null thymic

lymphoma.
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Figure 18

ARF 26.44 peptide blocks colonization of intravenously inoculated p53 null tumors. A,
ICR SCID mice were intravenously inoculated with CreERT2 Foxml fl/fl and p53 -/-
sarcoma cells. Luciferase intensity was monitored with VIS image machine following
peptide treatment at 10 days after initial injection and right after injection at day 0. B,
H&E staining of the lung tissue section from MUT or WT peptide treated mice at day 10
and day 20 after initial sarcoma cell injection and quantification of the number of the
colonies per field of the corresponding lung tissue section. C, ICR SCID mice were
intravenously inoculated with CreERT2 Foxml fl/fl and p53 -/- thymic lymphoma cells.
Luciferase intensity was monitored with 1\VVIS image machine following peptide treatment
at 10 days after initial injection and right after injection at day 0. D, Representative
pictures of Bmil and Survivin IHC staining of colonized sarcoma cells in the lung after
either MUT or WT peptide treatment at day 20.
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Figure 19

Colonized p53 null lymphoma cells in the kidney of SCID mice. A, Representative
picture of tumor mass in kidney. B, Tumor mass of kidneys dissected from PBS, MUT
and WT peptide treated SCID mice. Representative two mice from each group are shown.
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3. FoxM1 regulates EZH2 expression in prostate cancer

A. Backgrounds

The Polycomb group (PcG) proteins are epigenetic chromatin modifiers that are
essential for defining cell identity during early embryogenesis and through adulthood
(105). PcG proteins function coordinately to establish the stable silencing at the promoter
of the target genes via two complexes: PRC1 (Polycomb repressive complex 1) and
PRC2 (Polycomb repressive complex 1). Enhancer of zeste homolog 2 (EZH2) is a key
component of the PRC2 complex that mediate the initial binding to the target promoters.
EZH2 carries histone methyltransferase activity which specifically methylates lysine 27
of histone H3 (H3K7) and thus establishes the silencing mark at the promoter region and
thereby facilitates the consequent recognition of the target promoters by the PRC1
complex (105). Deregulation of the PcG proteins are often found in human malignancies,

indicating a close connection between epigenetic modification and cancer initiation (106).

Numerous studies provide direct evidence supporting an essential role of EZH2 in
prostate cancer development (107). (108) (109). Higher EZH2 expression is evident in
metastatic hormone-refractory prostate cancer compared to PCA (clinically localized
prostate cancer) or benign prostate (107). Silencing EZH2 results in diminished
proliferation in prostate cancer with increased amount of cells arrested in G2-M phase of
the cell cycle, as well as reduced invasiveness(107, 110). Several genes have been
characterized as direct repression targets of EZH2 in prostate cancer, including ADRB2,
DAB2IP, RUNX3 and E-Cadherin(108, 109, 111-113). By repressing the expression of

its target genes, which are often tumor suppressors, EZH2 promotes the aggressiveness of
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prostate cancers. However, the molecular mechanisms that lead to the overexpression of
EZH2 are not well characterized. EZH2 gene amplification was reported in prostate
cancer cell lines, xenografts and clinical tumors with fluorescence in situ hybridization
which could contributes to its aberrant overexpression in prostate cancer cells (114).
EZH2 is negatively regulated by miR-101(microRNA-101), which is often found to
undergo somatic loss during prostate cancer progression (115). In addition, E2F1-RB and

human papillomavirus E7 are involved in regulating EZH2 expression (116, 117).

B. EZH2 positively correlates the expression of FoxM1 in prostate tumors
and over-expression of the two proteins predicts poor survival outcome.

Both FoxM1 and EZH2 have been implicated in prostate cancer progression by
promoting the proliferative and invasive feature of the cells. It has been shown that
prostate cancer cells depleted of FoxM1 could not progress through mitosis and
underwent G2-M arrest (10). Similarly, silencing EZH2 also led to attenuated
proliferation and G2-M cell cycle arrest (107), which suggested a potential link between
these two genes. To investigate this in the context of prostate cancer, | compiled and
analyzed six publicly available microarray datasets from NCBI GEO (Gene Expression
Omnibus) and the ONCOMINE depository. Consistent with previous finding, EZH2
MRNA increased gradually as disease progress to more malignant stage, with highest
expression in metastatic prostate samples (Fig.20A) (107). Interestingly, FoxM1 mRNA
expression resembled the expression pattern of EZH2 in the same dataset (Fig.20A). By
fitting a linear regression model, | discovered that expression of the two is highly
correlated, and FoxML1 is a significant predictor of EZH2 mRNA expression (Fig.20A).

To confirm this discovery, | compiled additional four prostate cancer datasets from
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ONCOMINE and investigate the Pearson correlation between FoxM1 and EZH2. Indeed,
expression of these two genes are positively correlated at a significant level in all of the
dataset analyzed, suggesting the presence of a regulatory link (Fig.20B). High EZH2
expression has been associated with poor clinical outcome in melanoma and prostate
cancer and is considered as a biomarker for advanced prostate and breast cancer (118,
119). Interestingly, by stratifying prostate cancer patients based on EZH2 and
FoxMZ1coexpression profile, the high EZH2 and high FoxM1 subgroup which includes
patients with both top 25% EZH2 and top 25% FoxM1 expression level have
significantly worse survival outcome based on univariate analysis compared with the rest
of the patients (Fig.20C). These result suggested that the presence of high FoxM1 and
EZH2 expression may contribute to the aggressive nature of the prostate cancer cells. The
correlation also exists at the protein level. Strong EZH2 and FoxM1 staining was evident
in adenocarcinoma tissue, but not detectable cancer adjacent normal prostatic tissue

(Fig.20D).
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Figure 20

EZH2 expression is tightly correlated with FoxML1 in prostate patient samples. A.
Increased expression of FoxM1 mRNA and EZH2 mRNA in metastatic prostate cancer
tissue samples. FoxM1 mRNA is significantly positively correlated with EZH2 from
normal to metastatic prostate tissues and FoxML1 is a significant linear predictor of EZH2
MRNA level (NCBI: GDS2545). B. Significant positive correlation between FoxM1 and
EZH2 mRNA in prostate cancer datasets extracted from ONCOMINE cancer
transcriptome. (Arredouani Prostate N=21 (120), Taylor Prostate N=150 (121),
Varambally Prostate N=19 (122), Yu Prostate N=112 (123) ) C. Kaplan-Meier survival
curve of patients stratified by FoxM1 and EZH2 expression. High FoxM1 and high
EZH2 expression predicts poor survival outcome (N=34 for high FoxM1 and high EZH2
group, N=329 for other, Log-rank p<0.0001, (124)). D. Immunohistochemistry staining
of FoxM1 and EZH2. AN: Cancer adjacent normal prostatic tissue.  AC:
Adenocarcinoma.
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C. FoxML1 is critical for the expression of EZH2 in prostate cancer cells.

To elucidate the mechanism that accounts for the tight connection between EZH2
and FoxML1. | tested the hypothesis that FoxM1 is necessary for the expression of EZH2.
In order to address this, FoxM1 siRNA was utilized to diminish the expression of FoxM1
in two metastatic prostate cancer cell lines: LnCAP (AR positive) and DU145 (AR
negative). The mRNA level of EZH2 was significantly attenuated, evidenced by semi-
quantitative PCR in both cell lines upon depletion of FoxM1 (Fig.21A). On the other
hand, ectopic expression of FoxM1 in benign prostate hyperplasia cell line BPH led to an
increase in EZH2 mRNA level. GTPase-activating protein DAB2IP was reported to be
repressed by EZH2(109). Moreover, ADRB2 (adrenergic receptor, beta-2) and E-
Cadherin which contribute to the disease progression in prostate cancers are repressed by
EZH2 (108, 112). Coupled with EZH2 reduction, the mMRNA expression of DABR2P,
ADRB2 and E-Cadherin were reduced in FoxM1 overexpressing cells, as they were in
EZH2 overexpressing cells (Fig.21B). However, the ectopic expression of EZH2 did not
simulate the expression of FoxM1 in BPH1 cells. Therefore, | conclude that the presence

of FoxML1 is critical for the expression of EZH2 in prostate cancer cells.
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Figure 21

The presence of FoxML1 is necessary for EZH2 expression in prostate cancer cells. A.
Semi-quantitative PCR of FoxM1, EZH2 in LnCAP and DU145 cells treated with control
SIRNA (CONT) or FoxM1 siRNA (FoxM1). The intensity of the band is quantified and
normalized by cyclophilin. B. Semi-quantitative PCR of FoxM1, EZH2, DAB2IP,
ADRB2 and E-Cadherin in BPH cells transfected with control (CONT), pCMV-
FoxM1(FoxM1) or pCMV-EZH2 (EZH2) plasmid. Cyclophilin was used as internal
control. The intensity of the band is quantified and normalized by cyclophilin. C.
Western blots of FoxM1, EZH2, E-Cadherin in DU145 and LnCAP treated with control
SIRNA (CONT), FoxM1 siRNA (FoxM1) or without treatment (NT). a-tubulin was used
as loading control. D. Western blots of FoxM1 and EZH2 in BPH1 cells stably
transduced with control (VEC) or FoxM1 (FoxM1) retrovirus. a-tubulin was used as
loading control.
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D. FoxM1 promotes invasive properties of prostate cancer cells by activating

expression of EZH2.

Prostate metastasis is highly incurable and accounts for the most prostate cancer
related death mostly due to the lack of understanding in molecular mechanism that drives
the progression to the advanced metastatic diseases. In liver HCC, FoxM1 function an
essential mediator of metastatic phenotype by regulating a number of cellular processes
that favors the survival and dissemination of the metastatic cells (42, 125). However, the
involvement of FoxM1 in mediating prostate metastasis has not been investigated. To
study whether FoxM1-EZH2 axis contributes to the metastatic nature of the prostate
cancer cells, | first study the effect of FoxM1 overexpression on directional cell migration
by performing in vitro wound healing assay in DU145 cells. Compared with control cells,
FoxM1 stably expressing DU145 cells migrated at a faster rate evidenced at 20 hours
following initial scratch (Fig.23A). In addition, the invasive phenotype of DU145 cells
was significantly enhanced through stable expression of FoxM1 evidence by matrigel
chamber assay (Fig.23B and 23C). More cells were able to invade through extracellular
matrix layer to the bottom membrane when FoxM1 is overexpressed. Cells depleted of
EZH2 by siRNA displayed reduced ability of invasion. Interestingly, the enhancement of
invasive capacity of the FoxM1 expressing cells were largely diminished following
EZH2 silencing as well, suggesting EZH2 function as a critical downstream factor of
FoxM1 in mediating the invasiveness of the prostate cancer cells (Fig.23B and 23C).
Loss of E-Cadherin has been associated with high grade prostate cancer (126). E-
Cadherin promoter was epigenetically silenced by Polycomb proteins in prostate cancers

and in ES cells(108, 127). Consistent with these findings, the E-Cadherin expression was



91

activated in DU145 cells treated with SiRNA against EZH2. FoxM1 overexpression
drove the reduction of E-Cadherin expression. However, silencing EZH2 in FoxM1
overexpressing cells caused the re-expression of E-Cadherin in spite of the abundant

presence of FoxM1 (Fig.23D)
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Figure 22

FoxM1 promotes invasiveness and migration of prostate cancer cells via EZH2. A.
Wound healing of DU145 cells stably expressing empty vector (VEC) or FoxM1 (FoxM1)
at 0 hour and 20 hour. B. Matrigel invasion chamber assay of DU145 cells stably
expressing empty vector (VEC) or FoxM1 (FoxM1) treated with control siRNA
(SICONT) or EZH2 siRNA (SiEZH2). C. Quantification of invasion assay. D.
Immunofluorescence staining of E-Cadherin in the above cells.
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IV. DISCUSSION

1. FoxM1 and neuroblastoma

The aggressive forms of neuroblastoma still remain a challenge in the clinic,
largely due to limited knowledge of biologic and prognostic characteristic of this
childhood disease. My study revealed that FoxML1 is crucial for the tumorigenicity of
aggressive neuroblastoma cells, which is often related to the metastatic potential of the
tumors. These observations make FoxM1 an attractive therapeutic target for treating
neuroblastoma patients. That is particularly significant because several groups are
actively involved in characterizing inhibitors of FoxM1 that also inhibits tumor

progression (30, 52).

Studies described here on neuroblastoma are significant as they provide new
molecular insights into the aggressive nature of this disease. Although FoxM1 is over-
expressed in the aggressive forms of neuroblastoma, its involvement in neuroblastoma
has not been investigated. | demonstrated a dual role of FoxM1 in positively regulating
tumorigenicity and in maintenance of the progenitor population in neuroblastoma. First, |
showed that FoxM1 serves as a critical activator of tumorigenic properties of the
aggressive forms of the neuroblastoma cells. In addition, | discovered a direct connection
between FoxM1 and pluripotency-associated gene Sox2 in mediating the anchorage-
independent growth of the neuroblastoma cells. Moreover, | observed that neuroblastoma
cells with reduced FoxM1 expression undergo spontaneous differentiation with
diminished levels of Sox2. Furthermore, in mouse cortical neural stem/progenitor cells,

loss of FoxM1 largely impaired the self-renewal ability.
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Mounting evidences suggested the existence of tumor initiating cells within
neuroblastoma might be responsible for its clinical relapse (66, 68). The striking clinical
bipolarity of its pathological feature also indicated that neuroblastoma may be a disease
of stem cells (57, 58). Expression of the pluripotency genes, which are critical for normal
stem cell maintenance, have been detected in neuroblastoma cells (67, 68). However,
very little is known about the molecular basis of how the pluripotency genes get activated.
In my work, I discovered that one of the core pluripotent genes Sox2 is directly activated
by FoxM1. My observation suggests that the pluripotency gene Sox2 is critical for the
tumorigenic activity of FoxM1. Thus, FoxM1 might be involved in altering the cellular
characteristic favoring oncogenic growth of tumor cells by potentially up-regulating

pluripotency-associated genes.

2. FoxM1 regulates core pluripotency-associated genes in cancer

The link between FoxM1 and the expression of pluripotency genes in cancers has
been recently investigated. In P19 mouse embryonic carcinoma cell lines, ectopic
expression of FoxM1 prevents the decrease of Oct4 and Nanog during P19 cell
differentiation and promotes the expression of Oct4, Nanog and Sox2 in human
fibroblasts(83). | observed that in neuroblastoma the ectopic expression of FoxM1
stimulated Sox2, but not Oct4 and Nanog (data not shown). However, when | depleted
FoxM1 by siRNA, expressions of Sox2, Oct4 and Nanog were reduced, indicating that
endogenous FoxM1is required for the expression of pluripotency genes in neuroblastoma

cells. These observations were made with cell types that still retain the potential to be
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further differentiated in culture. The neuroblastoma cell lines used in my study contains
cells that represent the progenitor population of the neural crust. Therefore, it would be
interesting to investigate whether FoxM1 behaves differentially in terms of stimulating
expression of the pluripotency genes in various sub-populations of the neuroblastoma

cells categorized by differentiation state.

The regulation on Sox2 by FoxM1 is observed in neuroblastoma, a type of tumor
where Sox2 is known to be required for the maintenance of the progenitor identity. The
oncogenic function of Sox2 has been observed in other types of human malignancies. In
breast cancer, Sox2 facilitates the G1/S transition via transcriptional activation of CCND1,
which in turn promotes proliferation of the cells (128). Loss of tumorigenicity is found to
be associated with Sox2 silencing in glioblastoma(72). Genetic evidence directly
demonstrates that Sox2 is an amplified lineage-survival oncogene in lung and esophageal
squamous cell carcinomas (71). However, it remains unclear what leads to the aberrant
expression of Sox2 in malignant tissues. It is possible that Sox2 has already been
expressed in the benign tissues preceding the onset of neoplasia. Or it is stimulated later
during oncogenesis. Nevertheless, the over-expression of FoxM1 in human malignancies

can serve as one mechanism that leads to the expression of Sox2.

Also, in my study, | discovered that the self-renewal capacity of neural
progenitor/stem cells is diminished following FoxM1 silencing. Sox2 reduction is
associated with the loss of self-renewal, but it remains unclear what is the major
downstream effector pathway that is responsible for the phenotype. Based on
preliminary bioinformatics analysis, a group of cell cycle genes appear to be common

targets for both FoxM1 and Sox2. But the exact effectors await validation in the context
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of neural progenitor/stem cells. In addition, the cellular fate of neural progenitor/stem
cell following FoxM1 silencing has not been fully investigated. The neural
progenitor/stem cells can be further differentiated into neurons, astrocytes and
oligodendrocytes in culture. Whether neural progenitor/stem cells upon FoxM1 depletion
preferentially differentiate into certain type of cells would reveal critical information on

role of FoxM1 in differentiation.

2. FoxM1, polycomb group (PcG) proteins and epigenetic regulation

The polycomb group (PcG) proteins are essential epigenetic regulators during
embryogenesis and for the maintenance of the adult stem cells (106). Deregulated
developmental pathways resulting from the aberrant expression of polycomb proteins
often lead to cancer development (129). Bmil and EZH2, two of the polycomb proteins,

are the found to be overexpressed in cancers (129).

Interestingly, the phenotypes associated with loss of Bmil resemble those
associated with loss of FoxM1. For example, in mouse embryonic fibroblasts (MEFs),
the absence of Bmil leads to premature senescence at passage three with elevated
expression of p16™“? and p19”" (130). Similar phenotype is observed in FoxM1-/- mouse
embryonic fibroblasts (MEFs), where most of the cells fail to exit mitosis and are positive
for B-galactosidase (25). Both Bmil and FoxM1 in cancer cells increase tumorigenicity
in vitro and in vivo, enhanced mobility and more invasive phenotype (131). In breast
cancer, expression of Bmil increases as the tumor advanced to late and more malignant

stage (131). It is also true for FoxM1. In breast cancer FoxM1 displays higher expression



98

in high grade, poorly differentiated tumors (17). All these observations suggested a
possible connection between FoxM1 and Bmil, which is confirmed by my study in
neuroblastoma cells. | found the expression of Bmil tightly correlated with change of

FoxM1 at both mRNA and protein level.

In prostate cancer, | found that FoxM1 expression correlates tightly with EZH2,
the enzymatic component of the PRC2 complex. | also provide evidence that EZH2
expression requires the presence of FoxM1 in prostate cancer cells. The reduction of E-
Cadherin expression in FoxM1 over-expressing cells is found to be diminished following
EZH2 silencing which suggested the involvement of EZH2 in mediating the E-Cadherin
repression promoted by FoxM1. E-Cadherin loss is related to more invasive phenotype
of the prostate cancer cells, but whether E-Cadherin is the major effector in this pathway
is not clear. Other EZH2 target genes DAB2IP, ADRB2 have been also associated to

promote invasiveness of the cancer cells (112, 132).

The EZH2 silenced cells are arrested at G2-M transition, similar to FoxM1
silenced cells (115). It is unclear what genes are responsible for the G2-M arrest
observed in EZH2 ablated cells. In case of FoxM1, aurora kinase B (AurB), polo-like
kinase 1 (PLK1), Cyclin B and CENP-F have been proposed as the major target genes
that are down-regulated by FoxM1 during G2-M transition. However, the re-expression
of these genes individually could only partially rescue the phenotype seen in FoxM1
ablated cells. It is possible that more than one gene are required to execute G2-M
transition mediated by FoxM1. Since EZH2 function downstream of FoxM1, it will be
interesting to see whether ectopic expression of EZH2 can rescue the G2-M arrest

observed in FoxM1 silenced cells. In addition, it will be also interesting to investigate
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which aspects of mitotic defects are associated with EZH2 loss of function. As
epigenetic silencers, whether PcG proteins can potentially participate in repressing key
regulators of cell cycle genes is of great interest. Similar to PLK1, a key cell cycle gene
that is important for the mitosis execution, EZH2 is phosphorylated by CDK1 in a cell-
cycle dependent manner (133). Though total EZH2 level remains constant throughout the
cell cycle, the phosphorylated forms of EZH2 peak at G2/M phase (133), suggesting a

potential role of EZH2 phosphorylation in regulating the G2/M transition.

The Polycomb proteins play important roles in maintaining the progenitor cell
identity in various organs (106). FoxM1 positively regulates both Bmil and EZHZ2,
which indicates an involvement of FoxM1 in regulating the progenitor cells. In neural
stem/progenitor cells, the loss of FoxM1 is accompanied by the reduction of both Sox2
and Bmil. It remains unclear whether ectopic expression of either of the two could

rescue the loss of self-renewal in FoxM1 ablated cells.

3. Targeting FoxM1 in tumors harboring TP53 mutations

My observations that p53-null lymphoma and sarcoma cells depend upon FOXM1
and are highly sensitive to inhibition of FOXM1 suggest that the p53-null tumors are also
candidates for therapeutic strategies that target FOXM1. Based on my study, this is at
least partially caused by the induction of apoptosis due to the reduction of FoxM1 target

genes Survivin and Bmil (Fig. 23).

By analyzing publicly available microarray datasets, | found that FoxM1 is up-

regulated in tumors harboring p53 mutations compared to tumors with wild type p53.
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This observation is consistent with the finding that p53 negatively regulates the
expression of FoxM1 (35). In my study, the sensitivity of cells to FoxM1 deletion in p53
null background was investigated. However, the results could be different in the case of
p53 mutated background that also includes p53 gain-of-function mutations. In addition,
although the p53-null cancer cells are sensitive to FoxM1 depletion, it remains unclear
whether p53-null or p53 mutated cells are more sensitive to FoxM1 silencing compared

with the wild type counterparts.

Loss-of-function of p53 confers resistance to apoptosis, because p53 stimulates
expression of several pro-apoptotic genes, including Puma, Noxa, Bax, Bad, DR4, DR5,
Apafl, Caspase 6 and others(134). P53 also represses expression of anti-apoptotic genes,
such as Survivin (135). The pro-apoptotic function of p53 is critical for elimination of
cells harboring irreparable levels of DNA damage. It is noteworthy that p53 also
stimulates several DNA repair genes (136). In the absence of p53, reduced DNA repair
and apoptosis lead to the accumulation of mutant cells, which contribute to tumor
development. For example, p53-null mice, used in this study, spontaneously develop
lymphomas and sarcomas (91). P53 also stimulates expression of the cell cycle inhibitor
p21 (137) and represses FoxM1 (34, 35), contributing to cell cycle arrest following DNA
damage. Therefore it is not surprising that p53 mutation also leads to aggressive
progression of already developed tumor cells because of increased survival and
proliferation. Increased expression of FoxM1 in the p53 mutant tumors is expected to
drive aggressive progression because of its role in cell proliferation and inhibition of
apoptosis. FoxM1 has been shown to inhibit apoptosis by activating expression of

Survivin, which is inhibited by p53.
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FoxM1 is an important target for cancer therapy. It is expressed mainly in the
proliferating cells and in tumors (4). Based on available evidence, it appears that FoxM1
is dispensable for survival or function of the normal cells in a tissue. For example,
deletion of FoxML1 in the adult mouse liver has not visible effect for at least one year (30).
But, it blocks development of hepatocellular carcinoma (HCC). Moreover, conditional
deletion of FoxM1 after HCC development causes inhibition of tumor progression (51).
Moreover, a peptide inhibitor derived from the tumor suppressor ARF, the ARF-peptide
used in this study, was shown to inhibit liver tumors, through increased apoptosis,
without affecting the neighboring normal cells in the tumor bearing liver (51). Therefore,
selective inhibition of FoxM1 would be effective in cancer treatment. Our observations
with p53-null lymphoma and sarcoma are significant in that regard because over 50% of

tumors harbor p53 mutations.

The observations that p53-null lymphoma and sarcoma cells depend upon FoxM1 and
are highly sensitive to inhibition of FoxM1 suggest that the p53-null tumors are also
candidates for therapeutic strategies that target FoxM1. Cre-recombinase mediated
deletion of FoxM1 inhibited tumor growth at least partly by inducing apoptosis. Deletion
of FoxM1 caused a reduction in the expression of Survivin, an anti-apoptotic protein.
Moreover, there was a strong reduction of Bmil, which was shown to support survival of
tumor cells (138). It is therefore likely that these FoxM1 target genes are involved in the
survival of the p53-null lymphoma and sarcoma. Moreover, a cell-penetrating form of the
ARF-peptide, which inhibits FoxM1, also induced apoptosis and inhibited colonization of
the p53-null lymphoma and sarcoma cells. The lymphoma cells were more sensitive to

the peptide. It is possible that the entry of the peptide is more efficient in the less
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adherent lymphoma cells, raising the possibility that the ARF-peptide would be highly
effective against the tumor cells in circulation. Consistent with that, there was a drastic
inhibition of the lymphoma colonization to the kidney, a major site of colonization for the
T-lymphoma cells (104). These observations indicate the possibility of a new application

of the ARF-peptide in targeting the tumor cells in the circulation.
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Figure 23

A Model summarizing the effect of targeting FoxM1 in p53-null tumors
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Figure 23
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