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The forkhead box M1b (FoxM1b) transcription factor is over-expressed in human
cancers, and its expression often correlates with poor prognosis. Previously, using
conditional knockout strains, we showed that FoxM1b is essential for hepato-
cellular carcinoma (HCC) development. However, over-expression of FoxM1b had
only marginal effects on HCC progression. Here we investigated the effect of
FoxM1b expression in the absence of its inhibitor Arf. We show that transgenic
expression of FoxM1b in an Arf-null background drives hepatic fibrosis and
metastasis of HCC. We identify novel mechanisms of FoxM1b that are involved
in epithelial-mesenchymal transition, cell motility, invasion and a pre-metastatic
niche formation. FoxM1b activates the Akt-Snaill pathway and stimulates
expression of Stathmin, lysyl oxidase, lysyl oxidase like-2 and several other genes
involved in metastasis. Furthermore, we show that an Arf-derived peptide, which
inhibits FoxM1b, impedes metastasis of the FoxM1b-expressing HCC cells. The
observations indicate that FoxM1b is a potent activator of tumour metastasis and
that the Arf-mediated inhibition of FoxM1b is a critical mechanism for suppres-

sion of tumour metastasis.

INTRODUCTION

Metastasis is the leading cause of cancer-related death. Under-
standing the molecular mechanisms of metastasis and genetic
changes required for metastasis are essential to develop novel
therapeutic strategies and improve their efficacy for treatment of
the metastatic disease. During tumour progression, cancer cells
undergo dramatic changes in cytoskeletal organization to adopt
invasive phenotype and eventually metastasize to other organs.
Epithelial-mesenchymal transition (EMT), which is associated
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with reduced cell-surface expression of E-cadherin and altered
expression of several cytoskeletal proteins, plays a significant
role towards the migratory activity of the tumour cells (Kalluri &
Weinberg, 2009). A recent study indicated that the microtubule
(MT) destabilizing protein Stathmin/Oncoprotein 18 plays a
pivotal role in cell migration/invasion. MT stability controls
migration of cells through extracellular matrix, and destabiliza-
tion of MT by Stathmin increases motility (Baldassarre et al,
2005). Stathmin is often over-expressed in cancer and associated
with increased metastasis (Singer et al, 2007). However, the
mechanism by which Stathmin is over-expressed in cancer
remains elusive.

Changes in cancerous cells alone are not sufficient to promote
metastasis (Kopfstein & Christofori, 2006). Tumour microenvir-
onment also plays a pivotal role in tumour progression and
metastasis (Joyce & Pollard, 2009). The importance of a pre-
metastatic niche or local microenvironment at metastatic sites
has emerged (Psaila & Lyden, 2009). Increased expression of
lysyl oxidase (LOX) has been implicated in tumour cell
invasiveness and tumour metastasis (Akiri et al, 2003; Erler
et al, 2006; Sakai et al, 2009). LOX is a copper dependent amine
oxidase that causes covalent crosslinking of collagen by
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catalysing oxidative deamination of lysine and hydroxylysine
residues in collagen, leading to both inter- and intramolecular
crosslinking (Payne et al, 2007). Secreted LOX induces collagen
crosslinking at pre-metastatic organs to generate sites that
attract Cd11b™ myeloid cells to form a receptive niche for
arriving tumour cells (Erler et al, 2009).

Forkhead box M1 (FoxM1) is a proliferation-specific
transcription factor and plays a critical role in cell cycle
progression (Laoukili et al, 2007; Wierstra & Alves, 2007).
Gene expression profiling in a number of carcinomas revealed
that elevated FoxM1 expression is a general phenomenon and
likely to be a crucial step of disease progression in all
carcinomas examined (Pilarsky et al, 2004). Moreover, over-
expression of FoxM1 strongly correlates with disease progres-
sion and poor prognosis in various human malignancies
(Calvisi et al, 2009; Chandran et al, 2007; Dai et al, 2007;
Gialmanidis et al, 2009; Liu et al, 2006; Yang et al, 2009). The
role of FoxM1 in tumour progression has been studied
extensively in mice using liver carcinogenesis models. Alb-
Cre-mediated deletion of FoxM1 in the livers of FoxM1 fl/fl
strain rendered the mice resistant to development of
hepatocellular carcinomas (HCCs) induced by the diethylni-
trosamine/phenobarbital (DEN/PB) liver carcinogenesis pro-
tocol (Kalinichenko et al, 2004). Also, deletion of FoxM1 in
pre-existing HCC inhibited tumour growth, indicating a
persistent requirement for FoxM1 in tumour progression
(Gusarova et al, 2007). Although the increased expression of
FoxM1 correlates with tumour grade and metastasis in various
human malignancies (Chandran et al, 2007; Dai et al, 2007), its
contribution to the metastasis process remains undefined.

Interestingly, there is growing evidence that the tumour
suppressor pl9Arf (pl4Arf in human) can inhibit cell invasion
and tumour metastasis (Aguirre et al, 2003; Chen et al, 2008).
Deletion of p19Arf in p53-null background further facilitated
malignant tumour conversion and metastasis, indicating p53-
independent tumour suppressor functions of pl19Arf (Kelly-
Spratt et al, 2004). In fact, mounting evidence suggests that
pl19Arf (pl4Arf in human) confers its tumour suppression
activity through p53-dependent and -independent pathways
(Eischen et al, 1999; Kamijo et al, 1999; Lin & Lowe, 2001;
Schmitt et al, 1999). Previously, we reported that p19Arf targets
FoxM1b, a splice variant of FoxM1, to the nucleolus and inhibits
the transcriptional activity of FoxM1b (Kalinichenko et al,
2004). An 18 amino acid sequence between residues 26 and 44
of pl9Arf is sufficient to bind and inhibit its activity.
Intraperitoneal injection of a peptide corresponding to the
26-44 residues of p19Arf inhibited the proliferation of the HCC
cells and stimulated their apoptosis (Gusarova et al, 2007).

In this study, using a liver carcinogenesis model, we show
that transgenic (Tg) expression of FoxM1b combined with the
loss of its inhibitor p19Arf induces liver fibrosis and metastasis,
which resemble the pathology of human HCC. In addition, we
show that an Arf-derived peptide that inhibits FoxM1b inhibits
metastasis of HCC cells. This work reveals novel mechanisms of
FoxM1b in tumour metastasis and provides evidence that
inhibition of FoxM1b will be significant in therapy for metastatic
tumours.

© 2011 EMBO Molecular Medicine

RESULTS

Transgenic expression of FoxM1b in an Arf-deficient
background drives aggressive HCC, hepatic fibrosis and
pulmonary metastasis of liver cancer

Elevated expression of FoxM1 has been reported in human HCC
and its expression is indispensable for the development and
progression of HCC (Calvisi et al, 2009; Gusarova et al, 2007;
Kalinichenko et al, 2004; Okabe et al, 2001). However, over-
expression of FoxM1 alone in a Tg mouse model had only
marginal effects on liver cancer development and progression
(Kalinina et al, 2003). Since the tumour suppressor pl9Arf
inhibits FoxM1 transcriptional activity (Kalinichenko et al,
2004), we considered the possibility that pl19Arf might be a
dominant inhibitor of FoxM1 in tumour development and
progression. Therefore, we sought to determine the effects of
FoxM1 over-expression in the absence of pl19Arf. We bred
pl9Arf-null mice with FoxM1b Tg mice, which ubiquitously
express FoxM1b driven by Rosa26 promoter. The bi-transgenic
heterozygotes (Arf+/—Rosa26-FoxM1b Tg) were backcrossed
for six to nine generations into the C57BL/6 background.
Fourteen-day old pups from the Arf+/—Rosa26-FoxMlb Tg
crosses were subjected to the DEN/PB tumour induction
protocol, a well-established method that effectively generates
HCC with greater than 90% penetrance. As expected, the
majority of the mice developed HCC (Fig 1A and C). FoxM1b
Tg;Arf—/— mice exhibited markedly increased mortality and
tumour burden (Fig S1A and B of Supporting Information).
Moreover, FoxM1b Tg;Arf—/— mouse livers appeared fibrotic
(Fig 1A). Robust collagen deposition along with strong alpha-
smooth muscle actin (a-SMA) expression was observed in a
significant number (5 out of 12) of FoxM1b Tg;Arf—/— mice
(Fig 1B). No collagen deposition or «a-SMA staining was
detected in the parenchyma of Arf—/— or FoxMlb Tg mice
(Fig 1B).

Interestingly, we found that approximately 75% (14/18) of
the FoxM1b Tg;Arf—/— mice developed lesions in the lung, as
shown in Fig 1A (part d) and C. We also found that one of the
FoxM1b Tg;Arf—/— mice displayed nodules in the spleen. A
significantly lower percentage (less than 30%) of the FoxM1b
Tg;Arf+/— mice and 13% (4/27) of the Arf—/— mice exhibited
nodules in the lung. Histologically, the lung nodules from Arf—/—
mice resembled lung adenocarcinomas (Fig 1D). Since the
Arf—/— mice are known to develop lung adenocarcinomas
(Kamijo et al, 1999) and, in the DEN/PB model, lung metastasis
is relatively rare, we determined the origin of the lung nodules.
We assayed for albumin mRNA expression, which is only
synthesized in the liver. A significant number (7 out of 9) of the
lung tumour samples (and one tumour sample from spleen)
from the FoxM1b Tg;Arf—/— mice expressed albumin mRNA
(Fig 1E), confirming the presence of HCC-derived cells in the
lung. Also, the lung lesions from FoxM1b Tg;Arf+/— mice were
positive for albumin-mRNA, while the lung samples from the
Arf—/— mice were negative for albumin mRNA (Fig 1E).
Therefore, it is likely that the albumin-negative lung nodules
observed in Arf—/— mice were indeed lung adenocarcinomas
(Kamijo et al, 1999). Fewer metastases in Arf+/— background

EMBO Mol Med 3, 21-34 www.embomolmed.org



Research Article

o-SMA |

Trichrome i

C
FoxM1b ARF Lung Liver
lesions | tumors

- +/+ 077 517
- +/- 0/22 15/22
- -/- 4/27 23/27

+ +/+ 0/5 5/5
+ +- 6/25 21/25
+ -/- 14/18 18/18

E A-l- FA-I-

Hyun Jung Park et al.

FoxM1b Tg FoxM1b Tg;Arf-/-  Arf-/-

24 b

FA+/+ FA-I- A-l-

a-SMA

Ck2 o e e o — cm— —

FA+-

12 3 4 5 6 7 8 910111213 14 15 16 17 18

Figure 1. FoxM1b Tg;Arf—/— mice developed fibrosis and metastases of HCC.

Cyclophilin

A. We sacrificed the mice and harvested liver tissues after 33 weeks of DEN/PB exposure. FoxM1b Tg;Arf—/— liver tumours (a—c) and lung lesions (d) are shown.
B. Liver sections were stained for the activated HSC marker a-SMA or Masson’s trichrome for collagen deposition. Magnification: x200. Lower panel: Liver

extracts were subjected to Western blotting assay using «-SMA antibody.

C. Numbers of mice bearing lung lesions and liver tumours are shown. For all panels of (B) and (D), the scale bar (indicated in the upper left panel) =200 pm.

(=)

. Lung lesions were stained with hematoxylin and eosin (H&E). Magnification: x100.

E. Total RNA from the lung was extracted for RT-PCR using primers specific for albumin. 1. liver; 2. lung; 3—4. Arf—/— (A: lung); 5-13. FoxM1b Tg;Arf—/— (FA—/—:
lung); 14. FoxM1b Tg;Arf—/— (FA—/—: spleen); 15-18. FoxM1b Tg;Arf+/— (FA+/—: lung).

(less than 30% compared to 75% in Arf—/— background)
provide strong evidence that Arf inhibits metastasis driven by
FoxM1b expression.

HCC cells derived from the FoxM1b Tg;Arf—/— mice are highly
tumourigenic and metastatic

To determine whether FoxM1b in the Arf—/— background could
support metastasis in a cell-autonomous fashion, we studied the
HCC cells derived from the FoxMlb Tg;Arf—/— mice and

www.embomolmed.org EMBO Mol Med 3, 21-34

compared them with the HCC cells from the Arf—/— mice, as
there was no evidence of metastasis in Arf+/+ or FoxM1b Tg;
Arf+/4 mice. Also, it was difficult to obtain stable lines in the
Arf +/+ background. We isolated HCC cells from the livers of
three independent mice of each genotype. As expected, all three
FoxM1b Tg;Arf—/— HCC lines expressed higher levels of FoxM1
than Arf—/— HCC cells (Fig S2A of Supporting Information).
Also, no expression of p19Arf was observed in the isolated HCC
cells (Fig S2A of Supporting Information). We then examined
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Figure 2. Cells from FoxM1b Tg;Arf—/— HCC are highly tumourigenic and metastatic.
A.  Soft agar assays were performed to compare anchorage-independent growth ability. Bar graph presents quantification of the representative data of three

independent experiments. Data are expressed as mean +SD ("p < 0.05).

B. 5 x10°cells were subcutaneously injected into nude mice. The tumour diameter was measured at the indicated time points. Data are expressed as

mean =+ SD.

C-E. 10° RFP labelled cells were injected into 8-week-old male nude mice intravenously via tail vein. (C) Mice were subjected to fluorescence imaging. (D and E)
Mice were then sacrificed and lung tissues were harvested. Lungs were weighed (D) and fixed with Bouin’s solution for 24 h. Macroscopic surface tumour

nodules were counted (E). Data are expressed as mean +SD (“p < 0.05).

anchorage-independent growth ability of HCC cells. FoxM1b
Tg;Arf—/— cells formed significantly more and larger colonies
compared to the Arf—/— cells in soft agar (Fig 2A). The
increased tumourigenicity was further confirmed by xenograft
experiments. Arf—/— or FoxM1b Tg;Arf—/— HCC cells were
subcutaneously injected into the flank of athymic nude mice.
The Arf—/— HCC cells failed to develop tumours in 3 weeks after
injection, whereas the FoxM1b Tg;Arf—/— cells started to grow
exponentially with a short latency period and all mice injected
developed palpable tumours (Fig 2B).

To determine the metastatic potential of the HCC cells, cells
stably expressing the Red fluorescence protein (RFP) were

© 2011 EMBO Molecular Medicine

injected into nude mice via tail vein. The mice were imaged
using a fluorescence imager after injection of the cells. As
shown in Fig 2C, the mice injected with FoxM1b Tg;Arf—/—
cells displayed stronger fluorescence signals in lungs compared
to the mice injected with tumour cells isolated from Arf—/—
HCCs. To obtain a more quantitative measure of the tumour
burden, we removed lungs, weighed to compare tumour
burden between two groups, and fixed the lungs in Bouin’s
solution to count macroscopic surface metastases. Clearly,
the tumour burden and the number of tumour nodules were
much higher in the mice injected with FoxM1b Tg;Arf—/— HCC
cells compared to the mice injected with Arf—/—HCC

EMBO Mol Med 3, 21-34 www.embomolmed.org
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cells (Fig 2D and E), providing further evidence that FoxM1b,
in the absence of its inhibitor Arf, drives metastasis of the
tumour cells.

FoxM1b activates AKT and induces an EMT-like phenotype
The FoxMI1b Tg;Arf—/— HCC cells show phenotypic changes
reminiscent of EMT. The cells exhibited a spindle-shape
morphology (Fig 3A) and expressed low levels of E-cadherin
and high levels of the mesenchymal markers vimentin and o-
SMA (Fig 3B). These differences were observed in all three
independent lines. Also, similar results were observed in
Maden-Darby Canine kidney (MDCK) epithelial cells, which
are wildly used to study EMT and express negligible amount of
Arf (Fig S2B of Supporting Information). We observed,
however, that MDCK cells express Arf upon ultraviolet
irradiation, suggesting that these cells do have the ability to
induce Arfin response to stress signalling (Fig S2B of Supporting
Information). Ectopic FoxMI1 expression induced dramatic
changes in cell morphology (Fig S2C of Supporting Informa-
tion). Interestingly, we observed increased Akt kinase activity in
FoxM1b Tg;Arf—/— cells compared to Arf—/— cells (Fig 3C).
Akt has been shown to induce EMT by transcriptional repression
of E-cadherin (Grille et al, 2003). glycogen synthase kinase-3
beta (GSK-3B) is a target of Akt and inactivates the transcrip-
tional repressor Snail, a potent inducer of EMT (Zhou et al,
2004). As expected, we observed increased inhibitory phos-
phorylation of GSK-3B and increased Snail expression in
FoxM1b Tg;Arf—/— cells (Fig 3C). Similar results were observed
in the MDCK cells (Fig S2D of Supporting Information). Our
observations suggest that FoxMlb induces an EMT-like
phenotype by activating the Akt-Snail pathway.

www.embomolmed.org EMBO Mol Med 3, 21-34

Previous in vitro studies indicated that over-expression of
FoxM1b could stimulate cell migration/invasion (Dai et al,
2007; Liu et al, 2006). However, the mechanism remains to be
elucidated. Recent studies indicate that invasion of cancer cells
are critically associated with the acquisition of EMT phenotypes
(Kang & Massague, 2004; Thiery et al, 2009; Yang et al, 2004).
Therefore, it is likely that the EMT-like changes induced by
FoxM1b contribute to tumour cell invasion. As expected, the
HCC cells derived from the FoxMlb Tg;Arf—/— mice were
significantly more invasive compared to those from the Arf—/—
mice (Fig 3D). Moreover, over-expression of FoxMl1b in the
Arf—/— HCC cells stimulated EMT-like changes in cells (Fig S2E
and F of Supporting Information) and increased invasiveness of
the tumour cells (Fig 3E).

FoxM1b stimulates Stathmin and destabilizes microtubule

To further investigate the mechanism of the increased cell
invasiveness, we considered Stathmin because it was demon-
strated that the MT-destabilizing activity of Stathmin plays
significant roles in cell migration and invasion (Baldassarre
et al, 2005). All of the six FoxM1b Tg;Arf—/— tumour samples
displayed greatly elevated expression of Stathmin compared to
the samples from the Arf—/— tumours (Fig S3A of Supporting
Information). Moreover, we found that FoxM1 directly bound to
the promoter of the Stathmin gene, as judged by chromatin-IP
assays (Fig S3B of Supporting Information). Stathmin was
shown to increase cell migration by destabilizing MTs. There-
fore, we compared the MT-destabilizing activity in the HCC
cells using a tubulin dilution assay. While they express
comparable levels of total tubulin, FoxM1b Tg;Arf—/— cells
contained much lower levels of MT after the tubulin dilution

© 2011 EMBO Molecular Medicine
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(Fig S3C and D of Supporting Information), which is consistent
with the increased expression of Stathmin. Thus, FoxMl1b
stimulates multiple mechanisms to increase invasiveness of the
tumour cells.

FoxM1b stimulates lysyl oxidase expression and
pre-metastatic niche formation

We determined expression of various metastasis genes in
FoxM1b Tg;Arf—/— and Arf—/— liver tumours. Total RNA
extracted from tumour samples was analysed by semi-
quantitative reverse transcriptase polymerase chain reaction
(RT-PCR). Previous in vitro studies demonstrated that FoxM1b
could stimulate expression of matrix metalloprotease MMP2
and the pro-angiogenic factor vascular endothelial growth factor
(VEGF) (Dai et al, 2007; Joyce & Pollard, 2009; Li et al, 2009;
Zhang et al, 2008). We observed increased expression of those
genes, as well as increased expression of MT1-MMP in FoxM1b
Tg;Arf—/— liver samples (Fig S4 of Supporting Information).
Interestingly, we also observed elevated expression of PDGF-C
in FoxM1b Tg;Arf—/— tumour samples. PDGF-C has been
reported to be a potent mitogen for hepatic stellate cells (HSCs),
which leads to hepatic fibrosis and HCC (Campbell et al, 2005).
Therefore, it is conceivable that sustained production of high
level PDGF-C in FoxMlb Tg;Arf—/— mice activates HSC
proliferation, causing increase in collagen deposition and
subsequent hepatic fibrosis. In addition, we found that the
chemokine receptor CXCR4, which is involved in tumour cell-
homing, was up-regulated in the FoxM1b Tg;Arf—/— tumour
samples.

Increased expression of LOX has been implicated in tumour
cell invasiveness and tumour metastasis (Akiri et al, 2003;
Erler et al, 2006; Sakai et al, 2009). Interestingly, we found
that LOX, LOXL2 and LOXL3 were expressed at higher levels
in FoxM1 Tg;Arf—/— liver tumours than in Arf—/— tumours
(Fig 4A). Also, FoxM1b Tg;Arf—/— HCC cells expressed
substantially higher levels of LOX and LOXL2 than Arf—/—
cells (Fig 4B and C). Moreover, over-expression of FoxM1b
stimulated expression of LOX and LOXL2 mRNA (Fig 4D
and E). Chromatin immunoprecipitation (ChIP) assays
further confirmed that FoxM1b directly binds to the promoter
region of LOX and LOXL2 (Fig 4F and G). A more detailed
ChIP experiment is included in Fig S5 of Supporting
Information.

It was shown that LOX secreted from primary tumours
accumulates at target organs and recruits Cd11b™ bone marrow
derived cells to form pre-metastatic niche (Erler et al, 2009).
Immunohistochemical staining of the lung sections with Cd11b
and c-Kit antibodies showed that Cd11b™ myeloid cells as well
as c-Kit" myeloid progenitor cells had infiltrated into metastatic
lung tumours of FoxM1b Tg;Arf—/— mice, but not in lung
sections of Arf—/— mice (Fig 5A-C). Also, a substantial number
of Cd11b™ cells was recruited to the tumour-free lungs of the
FoxM1b Tg;Arf—/— mice (Fig 5D and E). To investigate whether
LOX induced by FoxM1b is responsible for the recruitment of
Cd11b™ cells in lung, we over-expressed FoxM1b in the Arf—/—
HCC cells using retrovirus. The FoxM1b-expressing Arf—/—
HCC cells were used to determine the role of LOX. LOX in those

© 2011 EMBO Molecular Medicine

cells was inhibited by shRNA or by a specific irreversible
inhibitor, beta-aminopropionitrile (BAPN) (Sigma-Aldrich). A
recent study indicated that BAPN also is a potent inhibitor of
LOXL2 (Rodriguez et al, 2010). We found that LOX/LOXL2
inhibition had only marginal effects on the tumour growth
resulting from subcutaneous injection of the FoxM1b-expres-
sing Arf—/— HCC cells (Fig 6A). Interestingly, FoxMlb
expressing tumours increased recruitment of Cd11" cells in
the lung of the animals (panel 2 in Fig 6B), a marker for pre-
metastatic niche. Moreover, in contrast to tumour growth, LOX-
shRNA or BAPN substantially decreased the recruitment of
Cd11b™" cells to the lung (panels 3 and 4 in Fig 6B). Together,
these observations indicate that FoxM1b induces pre-metastatic
niche formation by stimulating the expression of LOX and
LOXL2.

We further examined the significance of LOX, LOXL2 and
Stathmin in FoxM1b-induced metastasis. We reduced expres-
sion of those genes using lentivirus-delivered shRNAs
(Fig 6C). The shRNA-expressing HCC cells were injected
into nude mice intravenously through tail vein. Three
weeks after injection, the lungs were harvested and tumour
nodules were counted. Clearly, we found that decrease in LOX,
LOXL2 or Stathmin expression inhibited metastasis of the
FoxM1b-expressing Arf—/— HCC cells (Fig 6D). However,
we did not rule out the possibility that depletion of Stathmin
affects other events in tumour progression, such as tumour-
igenicity.

An Arf-derived peptide inhibits metastatic growth of the HCC
cells

Previously, we reported that the transcriptional activity of
FoxM1 is inhibited by pl9Arf. The amino acid residues
between 26 and 44 of p19Arf are sufficient to sequester FoxM1
to the nucleolus and subsequently inhibit its transcriptional
activity (Kalinichenko et al, 2004). Moreover, a cell-penetrat-
ing form of the Arf-derived peptide was able to induce
apoptosis in mouse HCCs (Gusarova et al, 2007). We found
that Arf peptide treatment significantly reduced expression of
LOX, LOXL2 and Stathmin in mouse HCC cells (Fig 7A) as well
as in Sk-hepl (Fig 7B), a metastatic line derived from human
liver cancer that lacks Arf expression (Sayan et al, 2001).
Therefore, we sought to investigate whether this Arf-derived
peptide could prevent lung metastasis of HCC cells. We
injected the fluorescently labelled FoxM1b Tg;Arf—/— HCC
cells into nude mice intravenously via the tail vein. The
following day, the mice were subjected to intraperitoneal (i.p.)
injection of Arf-derived peptide (WT), a mutant peptide (Mut),
or phosphate-buffered saline (PBS) every other day for 3
weeks. The mice were then subjected to fluorescence imaging
to evaluate metastasis in distant organs. Tumour nodules were
counted after fixation to quantify the tumour burden. We
found that the Arf peptide treatment significantly inhibited
lung metastases (Fig 7C and D). Some difference in the number
of tumour nodules between the PBS versus Mut peptide
injected mice was also observed. This could be due to some
non-specific cytotoxicity from an arginine-rich peptide
(Moulton et al, 2004). Nevertheless, our data suggests that

EMBO Mol Med 3, 21-34 www.embomolmed.org
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Figure 4. FoxM1b Tg;Arf—/— HCCs express LOX at higher levels compared to Arf—/— HCCs.

A. Semi-quantitative RT-PCR was performed using total RNA from liver tumours.

B-E. Quantitative RT-PCR was performed to determine mRNA levels of LOX and LOXL2.

D,E. Arf—/— HCC cells were infected with adenovirus expressing GFP or FoxM1b for 48 h. Data are expressed as mean £ SD (“p < 0.05; “*p < 0.01).

F,G. Chromatin-immunoprecipitation (ChIP) assays were performed using a monoclonal antibody against T7-epitope to detect specific binding of FoxM1b to LOX

(F) and LOXL2 (G) promoters in T7-FoxM1b-transfected Sk-hepl cells.

the Arf-peptide has strong therapeutic potential for treatment
of metastasis.

DISCUSSION

Human HCC is the fifth most common cancer, and it is among
the most lethal cancers worldwide because of late detection
and high frequency of tumour recurrence rendering therapy
ineffective (Bruix et al, 2004). Although HCC patients frequently
develop intrahepatic or/and distal metastasis, only a few mouse
studies have reported development of metastatic liver cancer

www.embomolmed.org EMBO Mol Med 3, 21-34

(Boissan et al, 2005; Lewis et al, 2005). We have developed
a new mouse model of aggressive metastatic liver cancer. After
33 weeks of DEN/PB exposure, FoxM1b Tg;Arf—/— mouse
livers appeared fibrotic and developed aggressive HCC that
metastasised to lungs, whereas neither hepatic fibrosis nor
metastasis of liver tumours was observed in Arf—/— or FoxM1b
Tg mice.

FoxM1b is a proliferation specific transcription factor, which
is critical for orderly progression of the cell cycle. Our data
suggest that in addition to its well-characterized function in
proliferation, deregulation of FoxM1b is a major driving force
for multiple steps of tumour metastasis (see model in Fig 8). The
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Arf -/-

Figure 5. Infiltration of the Cd11b* myeloid cells
into the lungs of FoxM1b Tg;Arf—/— mice.

FoxM1b Tg;Arf-/-

HCC cells that we isolated from FoxM1b Tg;Arf—/— mice
expressed lower levels of E-cadherin and higher levels of the
mesenchymal markers, suggesting that FoxM1b contributes to
EMT-like changes associated with aggressive phenotypes of
tumour cells. Interestingly, we found that FoxM1b increases
AKT activity, suggesting that aberrant FoxM1 activation may
contribute to the hyperactivation of AKT observed in various
tumours (Biggs et al, 1999; Brunet et al, 1999; Carnero et al,
2008). AKT inhibits GSK-3B, which suppresses Snail, a well-
established EMT inducer. It is likely that FoxM1b induces EMT-
like changes in part by activating AKT and subsequently
increasing Snail expression. Also, given that AKT activation is
one of the key survival mechanisms of tumour cells, increased
activity of AKT might contribute to FoxM1b-mediated tumour
metastasis through survival of the HCC cells in the lung.
Emerging evidence indicates that increased LOX contributes
to multistage metastasis progression. It has been shown that
LOX secreted from primary tumours accumulates at target
organs making it more amenable to subsequent tumour cell

© 2011 EMBO Molecular Medicine

A-C. Lungtumour sections were stained for Cd11b™
cells.

N-C’. Higher magnification images of the boxed
regions in panels A, B and C respectively.

D, E. Tumour-free lung sections were stained for
CdL11b™" cells.

D.  Higher magnification image of the boxed
region in panel D.

F, G. Lung tumour sections were stained for c-Kit"
cells.

F. Higher magnification image of the boxed
region in panel F.

H-J. Collagen accumulation was assessed by
Masson’s trichrome staining (blue). Scale bar
(indicated in panel A) for all lower magnifi-
cation images =200 pm.

invasion. We found that deregulated FoxMI1b stimulates
expression of LOX and LOXL2 in vivo and in vitro, suggesting
that FoxM1b may promote tumour metastasis by facilitating a
pre-metastatic niche formation. Notably, LOXL2 is also known
to induce EMT by attenuating GSK-33-dependent degradation of
Snail (Peinado et al, 2005). These observations indicate that
FoxM1 promotes metastasis not only by inducing changes in
tumour cells to increase motility and invasiveness, but also
cultivating target organs to be congenial to the arriving tumour
cells.

Previously, we developed a cell-penetrating form of Arf-
derived peptide, which inhibits transcriptional activity of FoxM1
(Gusarova et al, 2007; Kalinichenko et al, 2004). In this study,
we show that the Arf peptide treatment significantly inhibited
pulmonary growth of tumour cells injected into the blood
stream. Although this experimental metastasis assay does not
exactly recapitulate pathological metastasis, it has been
observed that millions of tumour cells are released from
primary tumours yet a few of them actually develop overt

EMBO Mol Med 3, 21-34 www.embomolmed.org
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Figure 6. LOX, LOXL2 and Stathmin play important roles in FoxM1b-mediated metastasis.

A-D. Arf—/— HCC cells were infected with retrovirus expressing FoxM1b and lentivirus expressing shRNA specific to LOX, LOXL2 or Stathmin. Where indicated (in
panels A & B) a total of 100 u.g/g body weight of a LOX inhibitor, B-aminoproprionitrile (BAPN), was administered daily by i.p. injection starting 1 day prior to
injection for the duration of the experiment (18 days).

A,B. 5 x10°cells were subcutaneously injected into 8-week-old male nude mice.

A.  The tumour diameter was measured at the indicated time points. Data are expressed as mean +SD (n = 3).

B.  The mice were sacrificed 21 days after s.c. injection. Lungs were fixed and lung sections were stained with anti-Cd11b antibodies. Upper panels show
representative images. Magnification: x100. Nuclei were stained with hematoxylin (panel 1, control; panel 2, FoxM1b; panel 3, FoxM1b -+ LOXshRNA; panel
4, FoxM1b + BAPN). Scale bar indicated in panel 1 is same for all panels and equals to 200 um. Number of Cd11b positive cells per microscopic field was
counted (lower panel). A total of 10 fields were randomly chosen. Bar graph presents quantification of the representative data of three independent
experiments. Data are expressed as mean 4 SD (*'p < 0.01 vs. control; #p < 0.05 vs. FoxM1b).

C.  Total RNA was extracted and quantitative RT-PCR was performed to determine mRNA levels of FoxM1, LOX, LOXL2 and Stathmin. Data are expressed as
mean £ SD ("p < 0.05; p < 0.01).

D.  10° HCC cells were injected into nude mice intravenously via tail vein. Mice were sacrificed and lung tissues were harvested. Lungs were fixed and
macroscopic surface tumour nodules were counted. Data are expressed mean + SD (*p < 0.05 vs. 1; #p < 0.05 vs. 2). 1. MOCK (n = 8); 2. FoxM1b -+ control
(n=12); 3. FoxM1b + shLOX (n=5); 4. FoxM1b + shLOX2 (n=6); 5. FoxM1b + shStathmin (n=6).
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Figure 7. Cell-penetrating ARF peptide inhibitor of FoxM1 prevented pulmonary metastasis of HCC cells.

A,B. FoxM1b Tg;Arf—/— HCC cells (A) or Sk-hep1, a human metastatic cell line (B) were treated with WT ARF26—44 peptide (10 M) or Mut37-44 peptide (10 M)
for 72 h. Total RNA was extracted and quantitative RT-PCR was performed to determine mRNA levels of LOX, LOXL2 and stathmin. Data are expressed as
mean 4 SD ("p < 0.05; *p <0.01).

C,D. 10°cells labelled with RFP were injected into nude mice intravenously via tail vein. From the next day, mice were i.p. injected with WT ARF peptide, Mut
peptide or PBS every other day for 3 weeks at 5 mg/kg body weight. On day 22 from inoculation, mice were subjected to in vivo imaging (C). Mice were then
sacrificed and lung tissues were harvested for further quantification. Lungs were fixed with Bouin’s solution for 24 h. Macroscopic surface tumour nodules
were counted (D). Data are expressed mean + SD (**p < 0.001; *p < 0.05).
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Figure 8. A schematic diagram depicting the various steps of tumour
metastasis activated by FoxM1b. FoxM1b activates the Akt pathway and
increases expression of LOX and LOXL2 to bring about an EMT-like change.
Secreted LOX induces a pre-metastatic niche in the lung. FoxM1-induced
expression of Stathmin increases flexibility of the cytoskeleton to enhance cell
migration. These mechanisms of FoxM1 contribute to metastasis of HCC.

metastasis, making this model useful to study the later and
perhaps rate-limiting steps of metastasis. Therefore, our
observation that inhibition of FoxMl1b prevents pulmonary
metastasis after intravenous injection of tumour cells makes
FoxM1b an attractive target of cancer therapy, which could kill
two birds with one stone, treating primary tumours and
preventing metastasis. Recently, FoxM1b has been implicated
in tumour dormancy, the process by which cells disseminated
from the primary tumours are unable to proliferate yet survive
for extended periods (Adam et al, 2009). This unpredictability
makes cancer an even more devastating disease. Therefore, it
will be worthwhile to study whether long-term FoxMl1b
inhibition could effectively prevent the late-developing metas-
tasis.

MATERIALS AND METHODS

Animals

Dr Charles J. Sherr (St Jude Children’s Research Hospital, Memphis, TN,
USA) provided the Arf—/— C57BL/6 mice (Kamijo et al, 1999). The
Arf—/— C57BL/6 mice were bred with Rosa26-FoxM1b FVBN Tg mice,
which ubiquitously express the human FoxM1b cDNA to generate
Arf+/— Rosa26-FoxM1b Tg mice. Then the Arf+/— Rosa26-FoxM1b Tg
mice were backcrossed for six to nine generations into the C57BL/6
background. The backcrossed strain was used to generate the FoxM1b
Tg;Arf—/— and other genotypes used in this study.

DEN/PB-induced liver tumour protocol

At 14 days after birth each male mice received a single i.p. injection of
the tumour initiator DEN (5 pg/g body weight; Sigma-Aldrich). Two
weeks later, mice were given water containing 0.05% of the tumour
promoter, phenobarbital for the duration of experiments. All protocols
were approved by the animal protocol committee at the University of
Illinois at Chicago.

www.embomolmed.org EMBO Mol Med 3, 21-34
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RT-PCR

RT-PCR was performed as described previously (Gusarova et al, 2007).
Total RNA was isolated using Trizol (Invitrogen). Following DNasel
treatment, we used cDNA synthesis kit (BioRad) to synthesize cDNA
from 2 pg of total RNA. For quantitative RT-PCR, we used SYBR Green
Supermix (BioRad) and the reaction was amplified and analysed in
triplicate using a MyiQ Single Colour Real-Time PCR Detection System
(BioRad). For semi-quantitative RT-PCR, the linear ranges for the
amplicon of each PCR primer were determined. The number cycles
used in the PCR are included in Supporting Information S6. The PCR
products were normalized to cyclophilin. The primers and conditions
used to amplify and measure mRNA are listed in Supporting
Information S6A.

ChIP assay

Sk-hep1l cells were transfected with T7-FoxM1b and subjected to ChIP
assay as described previously (Park et al, 2009). The primers used for
ChIP assay are listed in Supporting Information S6B.

Establishment of HCC cell lines

HCC tumours from mice were excised, minced and enzymatically
dissociated with type I collagenase (200 U/ml) and DNase (270 U/ml).
Cells were then rinsed with serum free medium three times and
maintained in Dulbecco modified Eagle medium (DMEM) supplemen-
ted with 10% foetal bovine serum, t-glutamine and nonessential
amino acid. We isolated HCC cells from at least three mice of each
genotype. Early passage (less than 5) cells were used.

Adenoviral infection

Arf—/— HCC cells were infected with green fluorescence protein (GFP)
or FoxM1-expressing adenovirus for 48 or 72h at a multiplicity of
infection approximately 500 pfu/cell. Adenovirus expressing FoxM1
was a gift from Dr Guy Adami (UIC—College of Dentistry).

Invasion assay

Cells in 0.5% serum free DMEM were plated into Matrigel-coated
transwells. Transwells were then placed in 0.5 ml of DMEM containing
10% FBS. After 16 h cells were fixed and stained with crystal violet.
Invaded cells were counted from three fields per transwell. All
experiments were performed in triplicates and repeated three times at
a minimum. Data are shown for representative experiments.

Tubulin dilution assay

The tubulin stability was assayed as described previously (Khawaja
et al, 1988). Cells were adhered to FN coated coverslip for 2 h and
then incubated in 0.1% Triton X-100 containing PEM buffer (100 mM
piperazine-N,N'-bis(2-ethane sulfonic acid) (PIPES) pH 6.9, 1mM
ethylene glycol tretaacetic acid (EGTA), 2 mM MgCl,) in 37°C for 1 min.
Cells were then washed and incubated in complete medium for 15 min
to allow dilution of soluble tubulin into medium. Cells were fixed in PFA
and subjected to immunofluorescnce assay using anti-a-tubulin and
fluorescein isothiocyanate (FITC)-conjugated secondary antibodies.

Lentiviral shRNA transduction
We used Mission shRNA lentiviral transduction system, which includes
sequence-verified shRNA lentiviral plasmids (Sigma-Aldrich). LOX
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The paper explained

PROBLEM:

Metastasis of tumour cells is the major cause of cancer-related
deaths worldwide. However, the molecular mechanisms and
pathways that encourage tumour cells to leave the primary site
of tumour development and undergo metastasis are poorly
understood. A greater understanding of the mechanisms involved
in tumour cell metastasis will allow us to identify the molecular
targets and then design effective therapy against metastatic
tumours.

RESULTS:

Using liver cancer as a model, we identify that a combination of
over-expression of the transcription factor FoxM1 and a loss of
the tumour suppressor Arf causes primary liver cancer cells to
undergo metastasis to the lung. We show that the metastatic

(NM_010728), LOXL2 (NM_033325) and Stathminl (NM_019641)
mission shRNA pLKO.1-puro plasmids were used to establish stable
knockdown cell lines. The parental plasmid, pLKO.1-puro, was used as
a negative control. Lentiviral particle production and transduction
were performed following the manufacturer’s instructions.

Xenograft cancer model

5 % 10° cells in 100 ! of PBS were subcutaneously injected into the
flank side of nude mice at 6-8 weeks of age. We measured the
diameter of the tumours every day.

Experimental metastasis assay

108 cells in 100 pl of PBS were intravenously injected into the lateral
tail vein of nude mice at 6-8 weeks of age. After 3 weeks post
injection, mice were sacrificed and lungs were removed for further
examination. Lungs were rinsed in tap water and fixed with Bouin’s
solution. After 24 h, the surface tumour colonies were counted for
each mouse.

Treatment of mice with peptide

Genemed Synthesis, Inc. manufactured the WT ARF,6_44 peptide
(rrerrrrrrKFVRSRRPRTASCALAFVN) or mutant ARFs;_44 peptide
(rrrrrrrrrSCALAFVN) - containing nine p-Arg (r) residues at the N
terminus to enhance cellular uptake of polypeptide. We i.p. injected
peptide (5 mg/kg body weight) or PBS every 2 days for 3 weeks.
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transformation of the liver cancer cells is associated with EMT-
like (epithelial to mesenchymal-like) changes. Moreover,
expression of FoxM1 in Arf-deficient background induces pre-
metastatic niche formation at the site of metastasis (lung). Also,
we show that a treatment with an Arf-derived peptide-inhibitor
of FoxM1 blocks metastasis of the tumour cells.

IMPACT:

Over-expression of FoxM1 and loss of Arf expression are common
features in many aggressive cancers. Our observations suggest
that those changes in cancer cells are related their metastatic

activity. Moreover, our observations provide proof-of-principle

that inhibition of FoxM1 using an Arf-derived peptide could have
strong therapeutic implications.
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