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Foxm1b transcription factor is essential
tor development of hepatocellular
carcinomas and is negatively regulated
by the p192%* tumor suppressor
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Hepatocellular carcinoma (HCC) is a leading cause of cancer-related deaths worldwide. Here, we provide
evidence that the Forkhead Box (Fox) m1b (Foxm1b or Foxm1) transcription factor is essential for the
development of HCC. Conditionally deleted Foxm1b mouse hepatocytes fail to proliferate and are highly
resistant to developing HCC in response to a Diethylnitrosamine (DEN)/Phenobarbital (PB) liver
tumor-induction protocol. The mechanism of resistance to HCC development is associated with nuclear

accumulation of the cell cycle inhibitor p27%iP! protein and reduced expression of the Cdkl-activator Cde25B
phosphatase. We showed that the Foxm1b transcription factor is a novel inhibitory target of the p194** tumor
suppressor. Furthermore, we demonstrated that conditional overexpression of Foxm1b protein in osteosarcoma
U20S cells greatly enhances anchorage-independent growth of cell colonies on soft agar. A p194®F 26-44
peptide containing nine D-Arg to enhance cellular uptake of the peptide was sufficient to significantly reduce
both Foxm1b transcriptional activity and Foxm1b-induced growth of U20S cell colonies on soft agar. These
results suggest that this (D-Arg),-p19*%F 26-44 peptide is a potential therapeutic inhibitor of Foxm1b function
during cellular transformation. Our studies demonstrate that the Foxm1b transcription factor is required for
proliferative expansion during tumor progression and constitutes a potential new target for therapy of human

HCC tumors.
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Development of cancer is a multistep process requiring
mutations in signaling pathways and cell cycle regula-
tory proteins that stimulate cellular proliferation and
prevent apoptosis (Sherr and McCormick 2002). Cell di-
vision is tightly regulated at the G1/S (DNA replication)
and G2/M (mitosis) transitions of the cell cycle by tem-
poral activation of multiple cyclin-dependent kinases
(Cdk) complexed with their corresponding cyclin regula-
tory subunits. In addition to assembly with a cyclin regu-
latory subunit, Cdk activity requires dephosphorylation
of the Cdk catalytic subunit by the Cdc25A, Cdc25B, or
Cdc25C protein phosphatase family, all of which are ac-
tivated by the ras-mitogen activating protein kinase
(MAPK) pathway (Sebastian et al. 1993; Trembley et al.
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1996; Nilsson and Hoffmann 2000). The CIP/KIP family
of Cdk inhibitor p21<*! and p27¥*! proteins also nega-
tively regulates Cdk activity (Sherr and Roberts 1999). It
is well established that Cdk2 activity in complex with
either Cyclin E or Cyclin A cooperates with Cyclin
D-Cdk4/6 to phosphorylate the Retinoblastoma (RB) pro-
tein, which results in release of bound E2F transcription
factor, allowing stimulation of genes required for S phase
(Harbour and Dean 2000; Ishida et al. 2001). Moreover,
stimulation of the Cdk1-Cyclin B complexes is required
for M-phase progression by phosphorylating protein sub-
strates essential for mitosis (Harbour and Dean 2000;
Ishida et al. 2001).

Human hepatocellular carcinoma (HCC) is the fifth
most common cancet, yet the third leading cause of can-
cer death worldwide, because late detection of this liver
tumor renders current HCC therapy ineffective (Block et
al. 2003; Varela et al. 2003). The primary etiology of hu-
man HCC involves hepatitis B virus (HBV) and HCV
infections, resulting in chronic hepatic inflammatory in-
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jury and fibrosis (Block et al. 2003) as well as alcohol and
nonviral-induced hepatic cirrhosis (Varela et al. 2003). In
genetic mouse models of liver cancer, loss-of-function
mutations in the p53 tumor-suppressor gene or gain-of-
function mutations in either the Ras-MAPK, phosphoi-
nositide 3-kinase (PI3K)-Akt or transforming growth fac-
tor a (TGFa)-signaling pathways are known to increase
the incidence of HCC tumors (Sandgren et al. 1989,
1993; Wu et al. 1994; Thorgeirsson et al. 1998; Gomez-
Angelats et al. 1999; Factor et al. 2001; Weihrauch et al.
2001). A well-established mouse liver tumor-induction
protocol is available, and consists of a single postnatal in-
jection of the tumor-initiator diethylnitrosamine (DEN),
which induces hepatocyte DNA damage through DNA
adduct formation. The initial DEN exposure is followed
by continuous administration of the nongenotoxic liver
tumor promoter phenobarbital (PB), which mediates he-
patocyte hypertrophy (Tamano et al. 1994; Sargent et al.
1996; Kalinina et al. 2003).

The ARF/INK4A locus encodes two distinct tumor
suppressors, the Cdk inhibitor p16™¥** and the 19-kD
alternative reading frame (ARF) protein (14 kD ARF pro-
tein in humans) that are translated from different reading
frames on exon 2 (Quelle et al. 1995; Sherr 1998). In-
creased levels of the p194RF protein are induced in re-
sponse to oncogenic transformation, and it mediates cell
cycle arrest by increasing stability of the p53 tumor sup-
pressor (Quelle et al. 1995; Kamijo et al. 1997). The
p19ARE (p19) protein targets the p53 negative regulator
Mdm?2 to the nucleolus, thus stabilizing the p53 tran-
scription factor, which regulates genes mediating G1 cell
cycle arrest and/or apoptosis (Palmero et al. 1998; Po-
merantz et al. 1998; Weber et al. 1999). The p19 protein
also mediates p53-independent cell cycle arrest, because
the p19 protein targets the E2F1 protein to the nucleolus,
thus preventing E2F1 transcriptional activation of
S-phase promoting target genes (Martelli et al. 2001;
Datta et al. 2002). Loss of p19 function is a critical event
for tumor promotion, as evidenced by extinguished ex-
pression of the p19 protein in a variety of tumors through
DNA methylation and silencing of the pl19 promoter
region (Sherr and McCormick 2002). Furthermore,
p194RE-/~ mice are susceptible to developing spontane-
ous tumors (Kamijo et al. 1997, 1999), underscoring the
important role of the p19 tumor suppressor in preventing
tumorigenesis.

The mammalian Forkhead Box (Fox) family of tran-
scription factors consists of >50 mammalian proteins
(Kaestner et al. 2000) that share homology in the winged
helix DNA-binding domain (Clark et al. 1993). The
Foxm1b protein (Foxm1l, previously known as HFH-11,
Trident, WIN, MPP2) protein is a proliferation-specific
member of the Fox family of transcription factors (Kor-
ver et al. 1997; Yao et al. 1997; Ye et al. 1997). During
liver regeneration, Foxm1b expression is markedly in-
duced at the G1/S transition and continues throughout
the period of hepatic cell proliferation (Ye et al. 1997).
Use of the Transthyretin (TTR) promoter to prematurely
express the Foxmlb (Hfh-11B) ¢cDNA in regenerating
liver of transgenic (TG) mice accelerated the onset of

Foxml1b is required for liver tumors

hepatocyte DNA replication and mitosis by stimulating
earlier expression of cell cycle regulatory genes (Ye et al.
1999; Wang et al. 2001a; Costa et al. 2003). Furthermore,
preventing the decline of hepatic expression of Foxm1b
in 12-month-old (old-aged) TTR-Foxm1b TG mice is suf-
ficient to increase regenerating hepatocyte proliferation
to levels found in young regenerating liver (Wang et al.
2001Db; Costa et al. 2003). In addition to re-establishing
expression of cell cycle regulatory genes, levels of the
Cdk inhibitor p275! protein were diminished when
Foxm1b expression was restored in old-aged regenerating
liver (Wang et al. 2002b; Krupczak-Hollis et al. 2003).
More recent TG mouse studies demonstrate that ubiq-
uitous expression of the Foxmlb transgene protein ac-
celerated proliferation of distinct pulmonary cell types
following lung injury, indicating that Foxm1b regulates
proliferation of cells other than hepatocytes (Kalin-
ichenko et al. 2003).

Using the Albumin enhancer and promoter-driven Cre
recombinase transgene (Alb-Cre) to mediate hepatocyte-
specific deletion of the Foxm1b fl/fl allele, we demon-
strated that Foxm1Db is essential for hepatocyte DNA rep-
lication and mitosis during liver regeneration (Wang et
al. 2002a). Reduced hepatocyte proliferation was associ-
ated with increased nuclear protein levels of Cdk inhibi-
tor p21<*! and reduced protein expression of Cdc25B
phosphatase, leading to decreased Cdkl and Cdk2 acti-
vation required for cell cycle progression (Wang et al.
2002a). Furthermore, embryonic Foxm1b (Trident)”~ he-
patocytes and cardiomyocytes exhibited an aberrant
polyploid phenotype, suggesting that Foxm1b is required
for coupling DNA replication with mitosis in these
cell types during development (Korver et al. 1998).
Analysis of microarrays with HCC samples demon-
strated that expression of Foxm1b (Foxm1) was increased
in HCC (Okabe et al. 2001). However, whether Foxm1b
function is essential for development of HCC remained
to be determined.

Here, we used a DEN/PB liver tumor-induction proto-
col to demonstrate that Alb—-Cre Foxm1b™/~ mouse he-
patocytes fail to undergo proliferation and are highly
resistant to developing HCC following DEN/PB liver
tumor induction. The mechanism of resistance to HCC
development in Foxm1b~~ hepatocytes involves sus-
tained nuclear levels of the Cdk inhibitor p27%! pro-
tein and diminished expression of M-phase promoting
Cdc25B phosphatase. We showed that hepatic expression
of p19ARF tumor suppressor was transiently induced dur-
ing DEN/PB tumor initiation and that the p194*F 26-44
sequences were sufficient to associate with and inhibit
Foxm1b transcriptional activity. Furthermore, we dem-
onstrated that increased levels of Foxm1b protein in os-
teosarcoma U20S cells stimulated anchorage-indepen-
dent growth, as evidenced by increased number and size
of cell colonies using a soft agar assay. Treatment of
U20S cells with a membrane transducing (D-Arg),
pl19ARF 26-44 peptide significantly diminished Foxm1b-
induced growth of U20S cell colonies on soft agar, sug-
gesting that this p192®F peptide is an effective therapeu-
tic inhibitor of Foxm1b function. These studies suggest
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that Foxmlb is essential for development of HCC and
required for the proliferative expansion of liver cancer.

Results

Alb-Cre Foxm1b~/~ livers fail to develop hepatic
adenomas or hepatocellular carcinomas
after DEN/PB treatment

Hepatocyte-specific deletion of the Foxm1b fl/fl targeted
allele with the Alb-Cre recombinase transgene demon-
strated that Foxm1b is essential for mediating hepato-
cyte DNA replication and mitosis in regenerating mouse
liver (Wang et al. 2002a). We therefore wanted to deter-
mine whether Foxml1b is required for proliferative ex-
pansion during mouse liver tumor formation using a
well-established DEN/PB liver tumor-induction protocol
(Tamano et al. 1994; Sargent et al. 1996; Kalinina et al.
2003). At 14 d postnatally, we gave the entire mouse
litter containing both Foxm1b f1/fl (control) and Alb-Cre
Foxm1b™/~ (experimental) pups a single intraperitoneal
injection of the tumor initiator DEN. Two weeks later,
the mice were placed on drinking water containing
0.05% of the liver tumor promoter PB for the duration
of the liver tumor-induction experiment. The Alb-Cre
completely deletes the Foxm1b fl/fl allele in hepatocytes
by 6 wk after birth (Postic and Magnuson 2000), and
therefore, the Foxm1b allele is present during the DEN-
mediated DNA damage (tumor initiation). Using this
DEN/PB liver tumor-induction protocol, male mice are
more susceptible to development of liver tumors exhib-
iting hepatocellular adenomas and HCC after 23 and 33
wk of DEN/PB exposure, respectively (Tamano et al.
1994; Sargent et al. 1996; Kalinina et al. 2003).

On the basis of these published studies, we examined
for liver tumors in eight control Foxm1b fl/fl mice and
11 experimental Alb-Cre Foxm1b~/~ mice at 23 wk of
DEN/PB exposure and seven control Foxm1b fl/fl and 13
experimental Alb-Cre Foxm1b~/~ mice at 33 wk follow-
ing DEN/PB treatment (Table 1). We also harvested liv-
ers from male Foxm1b fl/fl and Alb—Cre Foxm1b~/~ mice
after 6 wk of DEN/PB exposure to provide an early time
point during liver tumor promotion. Liver sections were
histologically stained with hematoxylin and eosin
(H&E), and hepatocyte DNA replication was determined
by immunofluorescent detection of BrdU that had been

administered in drinking water 4 d before sacrificing the
mice (Ledda-Columbano et al. 2002). After 23 wk of
DEN/PB treatment, H&E-stained liver sections from
Foxm1b {l/fl male mice revealed numerous hepatic ad-
enomas with abundant BrdU labeling (Fig. 1C,D,M;
Table 1). Highly proliferative HCCs with abundant BrdU
labeling were visible in liver sections from each of the
male control Foxm1b fl/fl mice following 33 wk of DEN/
PB exposure (Fig. 1E,1,J,M; Table 1). Furthermore, signifi-
cant numbers of hyperproliferative adenomas were
found in liver sections from female and male Foxm1b
f1/fl mice after 33 wk of DEN/PB treatment (Table 1). No
hepatic adenomas or HCC were detected in male or fe-
male Alb-Cre Foxmlb~/~ mice at either 23 or 33 wk
following DEN/PB exposure (Fig. 1A,E,G; Table 1). At 6,
23, and 33 wk following DEN/PB treatment, low levels
of BrdU incorporation were found in Foxm1b-deficient
hepatocytes (Fig. 1B,H), which was ~30% of BrdU-label-
ing levels of Foxm1b fl/fl hepatocytes in nontumor re-
gions following DEN/PB exposure (Fig. 1N). Fetal hepa-
tocytes express abundant levels of a-fetoprotein (AFP),
then its hepatic expression is extinguished postnatally,
but AFP expression is reactivated in HCC (Kunnath and
Locker 1983; Chen et al. 1997). We detected AFP and
BrdU-positive immunofluorescent cells in the Foxm1b
fl/fl HCC liver tumors induced by DEN/PB exposure,
which identified proliferating AFP-positive hepatocellu-
lar carcinoma cells (Fig. 1K,L). These studies suggest that
Foxm1b is required for proliferative expansion during tu-
mor development of hepatic adenomas and HCC.

The previous experiments demonstrated that male
Alb-Cre Foxm1b~/~ mice are resistant to developing
HCC in response to 33 wk of DEN/PB exposure, a treat-
ment sufficient to induce multiple HCC tumors in male
Foxm1b fl/fl mice (Table 1). We next treated control
Foxm1b f1/fl and experimental Alb-Cre Foxm1b~/~ mice
with DEN/PB for 50 wk to determine whether Foxm1b-
deficient livers were resistant to a prolonged hepatic tu-
mor-induction protocol. After 50 wk of DEN/PB expo-
sure, all nine female Alb-Cre Foxm1b~/~ mice were de-
void of any liver tumors, whereas HCC tumors were
found in all four control female livers with one addi-
tional control female mouse dying prematurely (Fig. 1F).
Following 50 wk of DEN/PB exposure, no liver tumors
were found in two of the four male Alb-Cre Foxm1b~/~
mice, whereas one male mouse exhibited hepatic adeno-

Table 1. Number of tumors per cm? liver tissue after 23 or 33 wk of DEN/PB treatment

Foxm1b fl/fl mice

Alb-Cre Foxm1b =/~ mice

DEN/PB and sex 4 Mice PAdenomas # Mice Carcinomas # Mice Adenomas # Mice Carcinomas
23 wk Male 3 142 £5.2 3 05+1.0 6 0 6 0
33 wk Male 3 11.2 + 0.6 3 3.8+09 7 0 7 0
23 wk Female 5 3.5+1.7 5 0 5 0 5 0
33 wk Female 4 21.0+6.9 4 0 6 0 6 0

3(# Mice) Number of mice (male or female) analyzed for liver tumors after either 23 or 33 wk of Diethylnitrosamine (DEN)/Pheno-

barbital (PB) treatment.

PNumber of liver tumors per cm? liver tissue +S.D. (adenomas or hepatocellular carcinomas greater than 0.1 mm in size) determined
from Hematoxylin and Eosin-stained liver sections obtained from four different mouse liver lobes.
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Figure 1. Alb-Cre Foxm1b~/~ male mouse livers fail to
develop adenomas at either 23 or 33 wk of DEN/PB ex-
posure. Both Foxmib fl/fl (control)] and Alb-Cre
Foxm1b~/~ (experimental) mice were subjected to either
6,23, or 33 wk of Diethylnitrosamine (DEN)/Phenobar-
bital (PB) exposure (Tamano et al. 1994; Sargent et al.
1996; Kalinina et al. 2003) and livers were dissected,
paraformaldehyde fixed, paraffin embedded, and micro-
tome sections were prepared. Liver sections were histo-
logically stained with Hematoxylin and Eosin (H&E)
and hepatocyte DNA replication was determined by im-
munofluorescent detection of BrdU incorporation. (A-])
Alb-Cre Foxm1b~/~ male mice are resistant to develop-
ing adenomas or hepatocellular carcinomas (HCC) after
either 23 or 33 wk of DEN/PB treatment. Arrows indi-
cate margins of adenomas (C,D) or HCC (I,]) in either
H&E- or BrdU-stained Foxm1b fl/fl livers after 23 or 33
wk of DEN/PB treatment. (E,F) Photograph of Foxm1b
f1/fl mouse livers depicting HCC tumors after either 33
wk (E, male) or 50 wk (F, female) of DEN/PB exposure,
whereas Alb-Cre Foxm1b™/~ mice are resistant to liver
tumor induction. (K,L) Same microscope field shows
a-fetoprotein (AFP) and BrdU-positive immunofluores-
cent cells in the Foxm1b fl/fl HCC liver tumors, which
identified proliferating AFP-positive HCC cells. (M)
Graph of mean number of BrdU-positive tumor cells per

1000 cells (+S.D.) in the male Foxm1b fl/fl liver tumors
induced by 23 or 33 wk of DEN/PB exposure. (N) Graph
of mean number of BrdU-positive cells per 1000 hepa-
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mas, and the last male mouse displayed HCC tumors
that were negative for Foxm1b protein staining (data not
shown). These studies indicated that following pro-
longed DEN/PB tumor promotion, hepatic tumors were
found in a subset of the male Alb—-Cre Foxm1b~/~ livers,
suggesting that they develop secondary mutations that al-
lowed tumor formation, bypassing the block in Foxm1b~/~
hepatocyte proliferation.

Alb-Cre Foxm1b™/~ male mouse hepatocytes exhibited
increased hypertrophy, but no increase in apoptosis
in response to DEN/PB treatment

To examine whether increased apoptosis contributed to
the failure of male Alb-Cre Foxm1b~/~ mice to develop

‘Weeks post DEN m_]eclmn

tocytes (+S.D.) in nontumor regions of livers from male
Foxmib fl/fl or Alb-Cre Foxmi1b™/~ mice either un-
treated or after 6, 23, or 33 wk of DEN/PB exposure. We
calculated the mean number (+S.D.) of BrdU-positive he-
patocyte nuclei per 1000 cells or 200x field by counting
the number of BrdU-positive hepatocyte nuclei using
five different liver sections from three distinct male
mice at the indicated times of DEN/PB exposure. Mag-
nification: A-D, 100x; G—J, 50x, K,L, 400x.

liver tumors in response to 33 wk of DEN/PB treatment,
we carried out TUNEL staining of liver sections from
DEN/PB-treated mice. We found no statistically signifi-
cant difference in hepatocyte apoptosis between Alb-Cre
Foxm1b~/~ and Foxm1b fl/fl mice after either 6, 23, or 33
wk of DEN/PB exposure (Fig. 2A-C). These results sug-
gested that the absence of liver tumors in Alb-Cre
Foxm1b~'~ mice following DEN/PB exposure was not
due to an increase in hepatocyte apoptosis.

Postmitotic adult mouse hepatocytes normally be-
come tetraploid (4N) and octaploid (8N) with sporadic
binuclear-containing hepatocytes (Steele et al. 1981).
Prolonged treatment with the tumor promoter PB is
known to further increase hepatocyte hypertrophy and
ploidy (Sanders and Thorgeirsson 1999). Hypertrophy of
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the Alb-Cre Foxm1b~/~ hepatocytes was significantly in-
creased compared with that of control hepatocytes (non-
tumor liver regions) at 23 wk of DEN/PB exposure (Fig.
2D,E). A centromere-specific FISH probe was used to
show that Alb-Cre Foxm1b~/~ hepatocyte nuclei pos-
sessed an increase in hybridizing chromosomes com-
pared with control hepatocyte nuclei at 23 wk of DEN/
PB treatment (Fig. 2F,G). To quantitate this increase in
size, we counted the number of DAPI-stained hepatocyte
nuclei (per 200x field) in Foxm1b fl/fl and Alb-Cre
Foxm1b~'~ liver sections and plotted these data for each
of the time points following DEN/PB exposure (Fig. 2H).
No statistically significant difference in hepatocyte hy-
pertrophy was found in livers of Foxm1b fl/fl and Alb-
Cre Foxmlb™/~ mice that were either untreated or
treated with DEN/PB for 6 wk (Fig. 2H). However, ap-
proximately half the number of hepatocyte nuclei per
200x field was found in Alb-Cre Foxm1b~/~ livers com-
pared with Foxm1b fl/fl control liver after either 23 or 33
wk of DEN/PB exposure (Fig. 2H). These data suggested
that Foxm1b-deficient hepatocytes undergo greater hy-
pertrophy and become more polyploid than Foxm1b fl/fl
control hepatocytes at 23 and 33 wk of DEN/PB treat-
ment. These results suggest that Alb-Cre Foxm1b~/~ he-
patocytes exhibited low levels of DNA replication (Fig.
1N) with a significant reduction in mitosis as was pre-
viously found in Foxm1b-deficient hepatocytes during
liver regeneration and development (Korver et al. 1998;
Wang et al. 2002a). Moreover, Alb-Cre Foxm1b~/~ hepa-
tocytes displayed normal serum levels of albumin, bili-
rubin, and glucose after 33 wk of DEN/PB exposure, in-

Figure 2. Alb-Cre Foxm1b~/~ mouse hepatocytes exhibit no
elevation in apoptosis and increased hypertrophy in response to
DEN/PB treatments. (A—-C) Alb-Cre Foxm1b~/~ and Foxm1b fl/
fl hepatocytes exhibited no differences in apoptosis levels fol-
lowing DEN/PB treatment. Florescent micrograph of TUNEL
assay (A,B; 100x) demonstrated similar apoptosis levels in Alb—
Cre Foxm1b~'~ and Foxm1b fl/fl control after 23 wk of DEN/PB
exposure. (C) Graph of number of apoptotic cells (TUNEL posi-
tive) per 1000 hepatocytes (+S.D.) in nontumor regions of livers
from male Foxm1b fl/fl or Alb-Cre Foxm1b~/~ mice after either
6, 23, or 33 wk of DEN/PB exposure or untreated. (D-H)
Foxmlb-deficient hepatocytes became more polyploid than
control hepatocytes after 23 wk of DEN/PB exposure. A centro-
mere-specific mouse FISH probe was used to show that Alb—-Cre
Foxm1b~/~ hepatocyte nuclei possessed an increase in the num-
ber of hybridizing chromosomes compared with control hepa-
tocyte nuclei at 23 wk of DEN/PB treatment. Shown is a high-
power magnification of hepatocytes, in which the nuclei were
counterstained with DAPI (630x; D,E) or visualized by Laser
Confocal microscopy (F,G; bar, 2 um). (H) Graph of mean num-
ber of DAPI-stained hepatocyte nuclei per 200x field (+S.D.) in
nontumor regions of livers from male Foxm1b fl/fl or Alb-Cre
Foxm1b~/~ mice either untreated or after 6, 23, or 33 wk of
DEN/PB exposure. Diminished number of hepatocyte nuclei per
field indicates increased hepatocyte hypertrophy. We calculated
the mean number (+S.D.) of TUNEL or DAPI-positive hepato-
cyte nuclei per 1000 cells or 200x field by counting the number
of positive hepatocyte nuclei using five different liver sections
from three distinct male mice at the indicated times of DEN/PB
exposure.
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dicating that their livers functioned normally (data not
shown).

Hepatocyte expression of nuclear Foxm1b protein
increases prior to liver tumor formation and continues
during liver tumor progression

Immunohistochemical staining of liver sections with an
antibody specific to Foxm1b protein demonstrated that
untreated hepatocyte nuclei displayed no significant ex-
pression of the Foxmlb protein (Fig. 3A,B). Abundant
nuclear staining of Foxm1b protein was detected in peri-
portal Foxm1b fl/fl hepatocytes as early as 6 wk of DEN/
PB (Fig. 3C), yet these hepatocytes failed to exhibit abun-
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Figure 3. Hepatocyte nuclear expression of Foxmlb protein
after DEN/PB liver tumor-induction protocol. Liver sections
from Foxm1b fl/fl and Alb-Cre Foxmib~/~ mice either un-
treated or treated with DEN/PB for either 6, 23, or 33 wk were
immunohistochemically stained for nuclear expression of
Foxml1b protein. Abundant nuclear staining of Foxm1b protein
is induced as early as 6 wk after DEN/PB exposure in Foxm1b
f1/fl hepatocytes surrounding the portal vein (PV, C), but not in
hepatocytes near the central vein (CV). (C,E,G) High levels of
nuclear Foxm1b protein persisted in hyperproliferative hepatic
adenomas and HCC (margins of tumor indicated by arrows).
(B,D,F,H) As expected, nuclear staining of Foxm1b protein was
not found in Alb-Cre Foxm1b~/~ hepatocytes at any of the time
points following DEN/PB treatment or in untreated liver (A,B).
(PV) Portal vein; (CV) central vein. Magnification, 200x.

dant BrdU incorporation levels (Fig. 1N). High levels of
nuclear Foxml1b protein persisted in hyperproliferative
liver adenomas and HCC at 23 and 33 wk following
DEN/PB exposure (Fig. 3E,G). As expected, nuclear stain-
ing of Foxmlb protein was not found in Alb-Cre
Foxm1b~/~ hepatocytes at any of the time points follow-
ing DEN/PB treatment (Fig. 3D,F,H), confirming that the
Alb-Cre transgene protein efficiently deletes the Foxm1b
floxed-targeted allele in hepatocytes (Wang et al. 2002a).
These studies demonstrate that hepatocyte nuclear lev-

Foxml1b is required for liver tumors

els of Foxm1b are induced in control hepatocytes prior to
tumor formation following DEN/PB treatment, and that
this nuclear expression persisted in hepatic adenomas
and HCC.

Alb-Cre Foxm1b~/~ livers exhibit normal expression
of GST-pi and CAR following DEN/PB treatment

Our liver tumor studies demonstrated that loss of
Foxm1b function blocks the proliferative expansion re-
quired for liver tumor growth (Fig. 1). We sought to ex-
amine whether the DEN/PB treatment of Alb-Cre
Foxm1b~/~ mice was able to induce hepatocyte expres-
sion of Glutathionine-S-transferase placental isoform
(GST-pi), which is an early marker for altered enzyme
foci in response to DEN/PB exposure (Hatayama et al.
1993). Altough GST-pi expression was not detected in
liver sections of untreated control mice (Fig. 4A,B), both
Alb-Cre Foxm1b~/~ and Foxm1b fl/fl hepatocytes were
strongly immunostained for GST-pi after 23 wk of DEN/
PB treatment (Fig. 4C-F). Western blot analysis demon-
strated that hepatic expression of GST-pi protein was
induced as early as 6 wk following DEN/PB treatment in
both Alb-Cre Foxm1b~/~ and Foxm1b fl/fl livers with
continued expression after 23 wk of DEN/PB exposure
(Fig. 4G). PB stimulates nuclear translocation of the con-
stitutive androstane receptor (CAR; Chawla et al. 2001).
No difference in nuclear staining of the CAR receptor
was found between Foxm1b fl/fl and Alb-Cre Foxm1b~/~
hepatocytes following DEN/PB treatment (Fig. 4H,1I), in-
dicating that the Foxm1b-deficient hepatocytes are still
responsive to the PB tumor promoter. Taken together,
our data suggest that Alb-Cre Foxml1b~/~ livers re-
sponded normally to DEN/PB tumor induction and ex-
pressed the altered enzyme foci GST-pi marker, but
failed to undergo the proliferation required for tumor
progression.

Persistent nuclear accumulation of the Cdk inhibitor
p27%P1 protein and diminished Cdc25B expression
in AIb—Cre Foxm1b™/ livers follows DEN/PB exposure

Published liver regeneration studies with old-aged mice
demonstrated that increased expression of Foxml1b pro-
tein restored hepatocyte proliferation to levels found in
young regenerating liver and was associated with re-
duced hepatocyte nuclear expression of the Cdk inhibi-
tor p27%P! protein (Wang et al. 2002b; Krupczak-Hollis
et al. 2003). Consistent with these findings, persistent
nuclear accumulation of hepatocyte p27%'P! protein was
found only in Alb-Cre Foxm1b~/~ liver sections at 36 h
after partial hepatectomy (PHx), indicating that loss of
Foxml1b function was associated with nuclear accumu-
lation of p27%®! protein in regenerating hepatocytes
(Fig. 5A,B). Interestingly, these regenerating Alb—Cre
Foxm1b~/~ hepatocytes exhibited approximately half the
BrdU incorporation rate of control Foxm1b fl/fl hepato-
cytes at 36 h post PHx, suggesting that reduced levels of
hepatocyte DNA replication occurred in the presence of
nuclear p27%P! protein (Wang et al. 2002a).

GENES & DEVELOPMENT 835


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on May 1, 2024 - Published by Cold Spring Harbor Laboratory Press

Kalinichenko et al.

Figure 4. Alb-Cre Foxm1b™/~ livers exhibit normal ex-
pression of GST-pi and CAR following DEN/PB treat-
ment. Alb-Cre Foxm1b~/~ and Foxm1b fl/fl livers iso- ~ £5i
lated from male mice after 23 wk of DEN/PB exposure G

n.GST-pl B GST-pi
Untreated
= ;
e Foxm1b fiAl Foxm1b fiAfl

T GSTl

wks
were immunohistochemically stained with antibody DEN/ PB Untreated 6 23
specific to GST-pi, which is an early marker for altered
enzyme foci in response to DEN tumor initiation (Ha- Foxmib i il -/ Ul -/

tayama et al. 1993). Both Alb-Cre Foxml1b~/~ and
Foxm1b fl/fl hepatocytes were strongly immunos-
tained for GST-pi after 23 wk of DEN/PB treatment
(C-F), but its expression was not detected in untreated
control Foxm1b fl/fl mouse liver (A,B). (G) Western blot
analysis with liver protein extracts demonstrates that
hepatic expression of GST-pi protein was induced as
carly as 6 wk following DEN/PB treatment, and that its
hepatic expression continued following 23 wk of DEN/
PB exposure. (H,I) Normal hepatocyte nuclear levels of
the CAR nuclear receptor were found in male Alb-Cre
Foxm1b~/~ mice following DEN/PB treatment. Magni-
fication: A,C,E, 50x; B,D,F,H,I, 200x.

We therefore examined for nuclear expression of
p27%"P! protein in mouse liver sections from untreated
and DEN/PB-treated mice using immunohistochemical
staining. Similar hepatocyte levels of nuclear p27%®!
protein were found in untreated Alb-Cre Foxm1b~/~ and
Foxm1b fl/fl mice (Fig. 5C,D), a finding consistent with
abundant nuclear expression of the Cdk inhibitor p27%!
protein in quiescent hepatocytes (Kwon et al. 2002). He-
patocyte nuclear staining of p27*P! protein was signifi-
cantly diminished in Foxm1b fl/fl hepatocytes beginning
at 6 wk and continuing through 33 wk after DEN/PB
treatment (Fig. 5E,G,I,M). Furthermore, nuclear expres-
sion of p27%P! protein was undetectable in hepatic tu-
mor cells at all time points following DEN/PB treatment
(Fig. 5G,I). In contrast, hepatocyte nuclear staining of
p27%Pl protein was sustained in Alb-Cre Foxmi1b~/~
mice at 6, 23, and 33 wk after DEN/PB exposure (Fig.
5F,H,J,M). After 50 wk of DEN/PB treatment, nuclear
staining of p27'?! protein was sustained in Female Alb—
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Cre Foxm1b~/~ mouse hepatocytes (Fig. 5K,N), and these
livers were resistant to development of adenomas and
HCC. In contrast, male Alb-Cre Foxm1b~/~ mouse he-
patocytes exhibited nearly undetectable nuclear staining
of p27%iP! protein after 50 wk of DEN/PB exposure (Fig.
5L,N), and this was associated with 50% of the male
Alb-Cre Foxm1b~/~ mice developing liver tumors. These
results suggest that an increase in liver tumor incidence
in male mice, following prolonged response to DEN/PB
treatment, was associated with loss of hepatocyte
nuclear levels of p27¥*! protein.

Surprisingly, Western blot analysis revealed similar
levels of total p27¥®! protein in Foxm1b fl/fl and Alb-
Cre Foxm1b~/~ liver extracts at 6, 23, or 33 wk following
DEN/PB exposure (Fig. 6A). These results suggest that
Foxm1b deficiency resulted in sustained hepatocyte lev-
els of nuclear p27%"! protein after DEN/PB treatment
without changing total expression of the p27%'*! protein.
We next stripped this Western blot and probed it sequen-
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Figure 5. Alb-Cre Foxmi1b~/~ hepatocytes exhibit persistent increase in nuclear protein levels of Cdk inhibitor p27%®! following
DEN/PB exposure. (A,B) Persistent nuclear accumulation of p27¥®! protein was found only in Alb-Cre Foxm1b~/~ liver sections at 36
h after partial hepatectomy (PHx), which still exhibited detectable BrdU incorporation (Wang et al. 2002a). (C-]) Liver sections from
Alb—Cre Foxm1b™/~ and Foxm1b fl/fl male mice after either untreated or after 6, 23, or 33 wk of DEN/PB exposure were used for
immunohistochemical staining to examine for hepatocyte nuclear expression of p27%iP! protein. (I,]) Liver sections from Alb—Cre
Foxm1b~/~ male and female mice after 50 wk of DEN/PB exposure were immunostained for nuclear levels of p27%! protein. (C,D) No
difference in hepatocyte nuclear staining of p27¥®! protein was found in liver sections from untreated Alb-Cre Foxm1b~/~ and Foxm1b
fl/fl mice. (C-J) Hepatocyte nuclear staining of p27%! protein was sustained only in male Alb-Cre Foxm1b~/~ hepatocytes after 6, 23,
or 33 wk of DEN/PB exposure (E—]) or female Alb-Cre Foxm1b~/~ hepatocytes after 50 wk of DEN/PB treatment (K,L). (E,G) Margins
of hepatic adenoma (Ad) or hepatocellular Carcinoma (HCC) are indicated by arrows. (M,N) Graph of percent p27%P!-positive hepa-
tocyte nuclei per 200x field liver section during tumor progression. Number of hepatocyte nuclei per 200x section was determined by
DAPI staining in adjacent sections. We calculated the mean + S.D. percent of p27%P!-positive hepatocyte nuclei per 200x fields by
counting hepatocyte nuclei positive for p27%"*! staining using five different liver sections from three distinct male or female mice that
were either untreated or after 6, 23, 33, or 50 wk of DEN/PB exposure. Magnification: A-J, 200x.

tially with antibodies specific to the Cdkl-activating
Cdc25B or Cdc25C phosphatases. Published liver regen-
eration studies demonstrated that Foxm1b is essential
for regulating transcription of the M-phase-promoting
Cdc25B gene, but not the Cdc25C gene (Wang et al.
2002a). Consistent with these findings, Foxm1b fl/fl con-
trol livers exhibited a transient increase in expression of
the M-phase-promoting Cdc25B phosphatase protein at 6
wk after DEN/PB exposure, whereas hepatic levels of
Cdc25B protein were significantly diminished in Alb-

Cre Foxm1b~/ livers (Fig. 6A). Similar levels of Cdc25C
protein are found in liver extracts from Alb-Cre
Foxm1b~/~ and Foxm1b fl/fl mice after 6 wk of DEN/PB
treatment (Fig. 6A). A more severe reduction in hepatic
levels of Cdc25C protein was observed in Foxm1b fl/fl
mice compared with Alb-Cre Foxm1b™/~ mice, and he-
patic expression of Cdc25C protein was significantly re-
duced in both types of mice by 33 wk of DEN/PB expo-
sure (Fig. 6A). In contrast, hepatic expression of Cdc25B
protein became undetectable in both mice by 23 wk of
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Figure 6. The Cdk inhibitor p27%"! protein associates ~ A
with Foxm1b through the Cdk-Cyclin complexes and
inhibits its transcriptional activity. (A) Western blot
analysis of liver protein extracts isolated from either
untreated (Un) or DEN/PB-treated mice. Liver protein
extracts prepared from two distinct mice following ei-
ther no treatment or 6, 23, and 33 wk of DEN/PB ex-
posure were used for Western blot analysis with anti-
bodies specific to either p27%iP!, Cdc25B, or Cdc25C
proteins. Expression levels of Cdk2 were used as a load-
ing control. (B) Drawing depicting mechanisms regulat-
ing Foxmlb transcriptional activity. Schematically
shown is the Foxm1b winged helix DNA-binding do-
main (WHD), the C-terminal transcriptional activation
domain (TAD; Ye et al. 1997), the Foxm1b LXL motif
(639-641) that recruits either the Cdk2-Cyclin E/A
(S phase), or Cdkl-Cyclin B (G2 phase) complexes. B
Foxm1b transcriptional activity requires binding of the
Cdk-Cyclin complexes, which is necessary for efficient
phosphorylation of the Foxmlb Cdk 596 site that re-
cruits the CREB Binding Protein (CBP) histone acetyl-
transferase (Major et al. 2004). (C) The p27¥P! protein
associates with GFP-Foxm1b protein through interac-
tion with the Cdk-Cyclin complexes. We performed
Co-IP assays with protein extracts prepared from U20S
cells that were transiently transfected with CMV C
p27%®! and CMV expression vectors containing either
wild-type GFP-Foxm1b or GFP-Foxm1b L641A mutant
protein that fail to recruit the Cdk-Cyclin complexes.
Protein extracts were immunoprecipitated with p27%ir!
antibody followed by Western blot analysis with GFP
monoclonal antibody. We included a control lane
containing 1/10 of the extract used in the Co-IP
experiment. (D) The p27%®! protein inhibits Foxm1b-
transcriptional activity in cotransfection assays. We
transiently transfected U20S cells with the 6x Foxm1b-
TATA-luciferase reporter plasmid (Rausa et al. 2003;
Major et al. 2004) and the CMV Foxm1b either with or
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without the CMV p27%P! expression vector. Transfected cells were harvested at 48 h after transfection and processed for dual
luciferase assays to determine Foxm1b transcriptional activity. Transfections were performed twice in triplicate and used to calculate

the percent of wild-type Foxml1b transcriptional levels (+S.D.).

DEN/PB exposure (Fig. 6A). Taken together, our data
suggested that decreased proliferation in Alb-Cre
Foxm1b~/~ hepatocytes is likely due to sustained nuclear
levels of Cdk inhibitor p27%"! protein and diminished
expression of the Cdkl-activator Cdc25B.

The Cdk inhibitor p27%"P! protein associates
with Foxm1b through the Cdk-Cyclin complexes
and inhibits its transcriptional activity

Our recent studies demonstrated that Foxm1b transcrip-
tional activity requires an LXL Cdk docking site (639-
641) that recruits either the Cdk2-Cyclin E/A (S phase)
or Cdk1-Cyclin B (G2 phase) complexes to the Foxm1b
transcriptional activation domain (Fig. 6B), which is re-
quired for efficient phosphorylation of the Foxm1b Cdk
596 site (Major et al. 2004). Retention of this Foxmlb
Cdk site at Thr 596 residue was found to be essential for
transcriptional activity by mediating phosphorylation-
dependent recruitment of the CREB-binding protein
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(CBP) histone acetyltransferase (Major et al. 2004). The
fact that Foxmlb deficiency caused persistent nuclear
accumulation of p27%®! protein led us to investigate
whether the p27%*! Cdk inhibitor protein associated
with the Foxmlb protein directly or indirectly through
the Cdk-Cyclin complex (Fig. 6B). Protein extracts were
prepared from U20S cells that were transiently trans-
fected with the CMV p27%iP! and CMV expression con-
structs containing either wild-type GFP-Foxm1b or the
GFP-Foxml1b L641A mutant that failed to interact with
the Cdk-Cyclin complexes (Major et al. 2004). These
U20S cell-transfected lysates were immunoprecipitated
with the p27%®! antibody, followed by Western blot
analysis with GFP antibody. These coimmunoprecipita-
tion (Co-IP) experiments demonstrated that the p27<P!
protein associated with the wild-type Foxml1b protein,
whereas p27%P! was unable to bind to the GFP-Foxm1b
L641A mutant protein (Fig. 6C). These results suggested
that the p27%! protein associates with the Cdk—Cyclin
complexes, which are recruited by the Foxm1b transcrip-
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tional activation domain through the LXL Cdk docking
motif (Fig. 6B).

To determine whether the p27°"*! protein could in-
hibit Foxmlb transcriptional activity, we transiently
transfected U20S cells with the 6x Foxmlb-TATA-lu-
ciferase reporter plasmid (Rausa et al. 2003; Major et al.
2004) with the CMV wild-type Foxm1b and p27%®! ex-
pression vectors. Transfected cells were harvested at 48
h after transfection and processed for dual luciferase as-
says to determine Foxmlb transcriptional activity. Co-
transfection of p27%iP! expression vector caused a signifi-
cant reduction in Foxmlb transcriptional activity (Fig.
6D). This finding is consistent with the ability of the
p27%"P! protein to inhibit kinase activity of the Cdk-
Cyclin complexes (Polyak et al. 1994; Zerfass-Thome et
al. 1997), which are required for Foxm1b transcriptional
activity through Cdk phosphorylation-dependent re-
cruitment of the CBP coactivator protein (Major et al.
2004).

Endogenous p192%F tumor suppressor associates
with Foxm1b protein in liver extracts prepared
from mice following 6 wk of DEN/PB exposure

The DEN/PB induction of liver tumors stimulates ex-
pression of various oncogenes (Graveel et al. 2001), and
that oncogenic stress is known to induce expression of
p19ARF (p19) tumor suppressor (Sherr and McCormick
2002). Induced protein levels of the p19 tumor suppres-
sor are found at early time points during tumor induc-
tion, but its expression is extinguished in a variety of
tumors (Sherr and McCormick 2002). Western blot
analysis demonstrated that hepatic expression of pl9
protein is induced at 6 wk after DEN/PB exposure, but
its liver expression was significantly diminished by 23
following DEN/PB exposure (Fig. 7A), a finding consis-
tent with those obtained with other tumors (Sherr and
McCormick 2002).

The importance of Foxm1b in the proliferative expan-
sion of liver tumors led us to investigate whether the p19
tumor suppressor protein associated with the Foxmlb
protein. Co-IP assays were performed with liver protein
extracts prepared from Foxmib fl/fl and Alb-Cre
Foxm1b~/~ mice following either 6 or 23 wk of DEN/PB
treatment (Fig. 7B). As a positive control, we also per-
formed Co-IP experiments with protein extracts pre-
pared from mouse embryo fibroblasts (MEFs) that were
cultured in vitro for 12 passages to induce endogenous
protein expression of the p19 tumor suppressor (Kamijo
et al. 1997). The protein extracts were first immunopre-
cipitated with p19 antibody and then analyzed by West-
ern blot analysis with a mouse Foxm1b antibody. These
Co-IP studies demonstrated efficient association be-
tween endogenous Foxm1b and p19 proteins in extracts
prepared from either Foxm1b fl/fl livers at 6 wk of DEN/
PB exposure or late passage MEFs, but not with liver
extracts from Alb-Cre Foxm1b~/~ mice, which lacked
hepatocyte expression of Foxm1b (Fig. 7B). Negative con-
trols showed that Foxml1b protein failed to Co-IP with
pl9 in protein extracts prepared from Foxm1b fl/fl livers

Foxml1b is required for liver tumors

at 23 wk of DEN/PB treatment, which no longer express
the p19 protein, but continue to express Foxm1b protein
(Figs. 7B, 3C).

The p194RF 26-44 sequences are sufficient to associate
with and inhibit Foxm1b transcriptional activity

To identify p19*%F protein sequences that are essential

for association with Foxm1b protein, we performed Co-
IP assays with protein extracts prepared from transiently
transfected U20S cells, which lack endogenous expres-
sion of the p19*®F tumor-suppressor protein (Martelli et
al. 2001). U20S cells were cotransfected with CMV
GFP-Foxmlb expression vector and CMV expression
plasmids containing either wild-type p19*®F protein or
N-terminal deletion mutants of the p19”®F protein (Al-
14, A15-25, A26-37, or A26-37 + A1-14) that were fused
to the HA epitope tag (Weber et al. 2000). Protein ex-
tracts were incubated with HA antibody to immunopre-
cipitate the HA-p194®F protein, followed by Western
blot analysis with a monoclonal antibody specific to GFP
protein to detect the GFP-FoxM1B fusion protein. These
Co-IP experiments demonstrated that the N-terminal 25
amino acid residues of the p194%F (p19) protein were
dispensable for association with the GFP-Foxml1b pro-
tein (Fig. 7C,D). In contrast, the p19 amino acid residues
26-37 were essential for association with the GFP-
Foxmlb fusion protein (Fig. 7C,D). Furthermore, reten-
tion of the C-terminal 60 amino acids from the Foxm1b
protein (688-748) was required for p19 protein binding
(Fig. 7C,D). To identify pl9 protein sequences that are
sufficient for association with Foxmlb protein, we per-
formed Co-IP assays with protein extracts prepared from
U20S cells that were transiently transfected with CMV
GFP-Foxmlb expression plasmid and the CMV expres-
sion vector containing the V5 epitope tagged p194FF 26—
44 or pl9ARF 2655 sequences. At the N terminus of
either the p19*RF sequences 26-44 or 26-55, we placed
the protein transduction/nuclear localization domain
(MGYGRKKRRQRRR) from the HIV-TAT protein
(Becker-Hapak et al. 2001). Protein extracts were incu-
bated with the V5 epitope tag antibody to immuno-
precipitate the pl9 protein, followed by Western blot
analysis with GFP monoclonal antibody to detect the
GFP-FoxM1B fusion protein. These Co-IP experiments
demonstrated that pl9 amino acid residues 26-44 were
sufficient to associate with the Foxm1b protein (Fig. 7E).

To determine whether formation of the p19-FoxM1B
protein complex could effectively inhibit Foxml1b tran-
scriptional activity, we transiently transfected U20S
cells with the 6x Foxm1b-TATA-luciferase reporter plas-
mid (Rausa et al. 2003; Major et al. 2004) and the CMV
wild-type Foxm1b and pl9 expression vectors (Fig. 7F).
These cotransfection assays demonstrated that both
wild-type pl9 and mutant T7-pl9ARFA1-14, T7-
plOARFALS 95 V5. TAT-pl9ARF 2644, and V5-TAT-
pl9ARF 2655 proteins that retained their ability to as-
sociate with Foxm1b protein (Fig. 7D,E) were able to sig-
nificantly decrease Foxm1b transcriptional activity (Fig.
7F). In contrast, the T7-p19*®*FA26-37 proteins, which
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Figure 7. pl9”®F tumor suppressor associates with
Foxmlb in liver protein extracts and the p192%F 26-44
sequences are sufficient to inhibit Foxml1b transcrip-
tional activity. (A) Expression of p19**F tumor suppres-
sor is transiently induced after 6 wk of DEN/PB expo-
sure. We performed Western Blot analysis with liver
extracts prepared from two distinct mice following ei-
ther no treatment (Un) or 6, 23, and 33 wk of DEN/PB
exposure with a p192®F (p19) antibody. Expression lev-
els of Cdk2 were used as a loading control. (B) pl9ARF
protein associates with endogenous Foxm1b protein in
liver extracts from mice treated for 6 wk with DEN/PB.
Co-IP assays were performed with liver protein extracts
prepared from Foxm1b fl/fl and Alb-Cre Foxml1b™/~
mice following either 6 or 23 wk of DEN/PB treatment.
As a positive control, we also performed Co-IP experi-
ments with protein extracts prepared from mouse em-
bryo fibroblasts (MEFs) that were cultured in vitro for
12 passages to induce endogenous protein expression
of the pl9 tumor suppressor (Kamijo et al. 1997). The
protein extracts were first immunoprecipitated with
p19 antibody and then analyzed by Western blot analy-
sis with a mouse Foxm1b antibody. (C) Drawing depict-
ing functional domains of the Foxm1b and pl194®F tu-
mor suppressor proteins. Schematically shown is the
Foxmlb winged helix DNA-binding domain (WHD),
the C-terminal transcriptional activation domain
(TAD; Ye et al. 1997), and the C-terminal region (688—
748) required for p19”%F (p19) binding. Schematically
shown are the pl9 nucleolar localization sequence
(NrLS) and the p19 Mdm2 and Foxmlb-binding sites
(Weber et al. 2000). (D) p19””F 26-37 and Foxm1b 688
748 residues are essential for protein association. To
identify p19 protein sequences that are essential for
association with Foxm1b protein, we performed Co-IP
assays with protein extracts prepared from U20S cells
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(E) The p19ARF sequences 26-44 are sufficient to interact with Foxm1b protein. To identify p19 protein sequences that are sufficient
for association with Foxm1b protein, we performed Co-IP assays with protein extracts prepared from U20S cells that were transiently
transfected with CMV GFP-Foxm1b fusion protein and expression vector containing V5 epitope tagged p19RF 26-44 or p19ARF 26-55
sequences (see Materials and Methods). The p19 protein was immunoprecipitated from transfected protein extracts with V5 epitope
antibody, followed by Western blot analysis with GFP monoclonal antibody. (F) The p19 protein inhibits Foxm1b transcriptional
activity in cotransfection assays. We transiently transfected U20S cells with the 6x Foxm1b-TATA-luciferase reporter plasmid (Rausa
et al. 2003; Major et al. 2004) and the CMV Foxm1b wild type (1-748) and with either CMV wild-type p19 or the indicated N-terminal
mutant T7-pl9 or V5-p19 26-44 or 26-55 expression vector. We also performed transfection with CMV Foxm1b (1-688) that removed
60 amino acids from the C terminus. Transfected cells were harvested at 48 h after transfection and processed for dual luciferase assays
to determine Foxml1b transcriptional activity as described in the legend for Figure 6D.

no longer associated with the Foxm1b protein (Fig. 7D)
were unable to significantly reduce Foxmlb transcrip-
tional activity in these cotransfection assays (Fig. 7F).
Interestingly, deletion of the Foxmlb C-terminal se-
quences required for association with pl19 protein (Fig.
7D; Foxmlb 1-688) was also found to be essential for
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Foxm1b transcriptional activity (Fig. 7F). These studies
enabled us to identify the Foxm1b transcription factor as
a novel inhibitory target for the p19*®F tumor suppres-
sor, a finding consistent with the important role of
Foxmlb in proliferative expansion during liver tumor
progression.
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The p19*%F tumor suppressor targets Foxm1b protein
to the nucleolus

Cotransfection assays demonstrated that the pl9ARF
(p19) protein targets the E2F transcription factor to the
nucleolus, and thus provides an additional mechanism
by which to limit progression into S phase (Martelli et al.
2001; Datta et al. 2002). Consistent with the E2F studies,
U20S cell cotransfection studies demonstrated that HA-
tagged pl9 was able to target GFP-Foxml1b fusion pro-
tein to the nucleolus (Fig. 8A-C). Whereas GFP-Foxm1b
1-748 full-length protein exhibited nuclear staining (Fig.
8D), nucleolar targeting of GFP-Foxm1b fusion protein
was found in cotransfections with expression vectors
containing either wild-type p19 or mutant p19 proteins
that were still able to associate with Foxmlb protein
(Fig. 8E,F). Published studies have shown that residues
26-37 of the p19 protein contained the nucleolar local-
ization sequence (NrLS) and the second Mdm2-binding
sequence (Weber et al. 2000). Consistent with these stud-
ies, the GFP-Foxm1b protein was targeted to the nucleo-
lus by expression vectors containing either the V5-TAT-
pl9ARF 2644 or V5-TAT-p19ARF 26-55 sequences (Fig.

GFP-Foxmib 1-748
+ HA-p19ARF |F: HA
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+ HA-p19ARF |F: GFP
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%
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+ T7-p19ARF A1-14

GFP-Foxmib 1-748
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<I2
LS

» GFP-Foxm1b 1-748

GFP-TAT-ARF 26-44 + T7-p19ARF A26-37
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8G,H), and these pl19 sequences were also localized to
the nucleolus (Fig. 8I; data not shown). In contrast,
nuclear fluorescence was found with the GFP-Foxm1b
wild-type protein that was transfected with the CMV
pl9ARFA26-37 mutant that failed to associate with
Foxm1b protein (Fig. 8]). Likewise, cotransfection assays
with the CMV wild-type p19 and CMV GFP-Foxmlb
1-688 expression vectors showed nuclear fluorescence of
the mutant GFP-Foxmlb 1-688 protein, a finding con-
sistent with this Foxm1b mutant’s inability to associate
with the p19 protein (Figs. 8K, 7D). These studies suggest
that association between the p19 tumor suppressor and
Foxm1b results in targeting Foxm1b to the nucleolus and
Foxm1b transcriptional inhibition.

A membrane-transducing (D-Arg), p19*%F 26-44
peptide significantly reduces both Foxm1b
transcriptional activity and Foxm1b-induced cell
colony formation on soft agar

Published studies demonstrate that addition of nine D-
Arg to the N terminus of polypeptides significantly en-
hances their cellular uptake compared with the protein

GFP-Foxm1b 1-748

+ HA-p19ARF MERGE GFP-Foxm1b 1-748

GFP-Foxm1b 1-748
+ V5-TAT-p19ARF 26.55

-
GFP-Foxmib 1-748
+ V5-TAT-p19ARF 26.44

GFP-Foxm1ib 1-688
+ T7-p19ARF

(D-Arg)g-p19ARF 26-44
peptide (TRITC)

Figure 8. The p19*”F tumor suppressor targets Foxm1b protein to the nucleolus. (A-D) U20S cells were transfected with HA-p19ARF
and GFP-Foxm1b expression vectors, demonstrating that the HA-tagged p19 (A) was able to target nuclear fluorescence of wild-type
GFP-Foxmlb fusion protein (D) to the nucleolus (B,C). (E-H) Nucleolar targeting of GFP-Foxm1b wild-type protein was found in
cotransfections with CMV expression vectors containing mutant pl 928 proteins (A1-14, A15-25, 26-44, or 26-55) that were still able
to associate with Foxm1b protein. (I) Nucleolar fluorescence was found with CMV GFP-p194RF 26-44 or GFP- p19”RF 26-55 proteins.
(J) Nuclear fluorescence was found with CMV wild-type GFP-Foxm1b and expression vector containing mutant p19**FA26-37 protein
that failed to interact with Foxm1b. (K) Transfection of CMV wild-type p19 expression vector was unable to elicit nucleolar targeting
of GFP-Foxm1b 1-688 protein, which failed to bind to p19 protein. (L) Treatment of U20S cells for 24 h with the TRITC fluorescently
tagged (D-Arg)y-p192RF 26-44 peptide demonstrated that this p192RF peptide is transduced into the cell and is localized to the nucleolus.
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Figure 9. A membrane-transducing (D-Arg), pl9**F 26-44 peptide significantly reduces both Foxm1b transcriptional activity and
Foxmlb-induced cell colony formation on soft agar. (A) The (D-Argly-pl9ARF 26-44 peptide is an effective inhibitor of Foxmlb
transcriptional activity. Treatment of U20S cells with 12 pM of the (D-Arg)y-p19A*F 26-44 peptide that were transfected with
CMV-Foxmlb expression vector and the 6x Foxm1b-TATA-luciferase plasmid resulted in significant reduction in Foxm1b transcrip-
tional activation of its target reporter gene. Transfected cells were harvested at 48 h after transfection and processed for dual luciferase
assays to determine Foxm1b transcriptional activity as described in the legend for Figure 6D. (B) The CMV-TETO GFP-Foxm1b U20S
clone C3 cell line displayed Doxycycline-inducible expression of the GFP-Foxm1b fusion protein. We used the tetracycline (TET)-
regulated T-REx System (Yao et al. 1998) to produce the U20S Clone 3 cell line as described in Materials and Methods, which induces
intermediate levels of the GFP-Foxmlb protein in response to Doxycycline treatment. (C-H) The (D-Arg),-p194RF 26-44 peptide
significantly diminished the ability of induced GFP-Foxm1b to stimulate colony formation of the U20S clone C3 cells on soft agar.
Doxycycline induced Foxm1b-GFP expression stimulates anchorage-independent growth in the U20S clone C3 cell line (F,G) as
assessed by propagation for 2 wk on soft agar (Conzen et al. 2000), whereas the (D-Arg)o-p19°RF 26-44 peptide significantly inhibited
colony formation of U20S cells on soft agar (E,H). (I) Quantitation of Foxm1b-induced formation of U20S cell colonies on soft agar
treated or not treated with the (D-Arg),-p194RF 26-44 peptide. We counted the number of U20S colonies of the indicated treatments
from four to five different 100x fields and determined the mean number of cell colonies (+S.D.). (/) Model for Foxm1b transcriptional
inhibition by pl9ARF protein during liver tumor initiation, progression, and carcinogenesis in response to DEN/PB liver tumor
induction. Foxm1b protein diminishes nuclear expression of the Cdk inhibitor p27%P! protein and regulating expression of Cdk-1
regulator Cdc25B phosphatase.

transduction/nuclear localization domain from the HIV-
TAT protein (Wender et al. 2000). We therefore synthe-
sized a p19*RF 2.6-44 peptide containing nine D-Arg resi-
dues at the N terminus (Wender et al. 2000) that is fluo-
rescently tagged with Lissamine (TRITC) on the N
terminus and acetylated at the C terminus. Treatment of
U20S cells with 12 uM of the (D-Arg)y-pl94RF 26-44
peptide (rrrrrrrrrKFVRSRRPRTASCALAFVN) for 24 h
demonstrated that this (D-Arg),-p192RF 26-44 peptide is
efficiently transduced into all of the cells, and that its
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fluorescence localizes to the nucleolus (Fig. 8L; data
not shown). Furthermore, exposure of U20S cells with
12 uM of the (D-Arg)o-pl9*RF 26-44 peptide for 7 d
caused neither toxicity nor any increases in apoptosis
(data not shown). Furthermore, treatment of U20S cells
with 12 uM of the (D-Argl,-p192RF 26-44 peptide that
were transfected with CMV-Foxm1b expression vector,
and the 6x Foxmlb-TATA-luciferase plasmid resulted
in significant reduction in Foxmlb transcriptional ac-
tivity (Fig. 9A), suggesting that this pl19”%F peptide is
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an effective inhibitor of Foxml1b transcriptional activ-
ity.

We next wanted to determine whether conditional
overexpression of Foxmlb protein could enhance an-
chorage-independent growth of U20S cells. We used tet-
racycline (TET)-regulated T-REx System (Yao et al. 1998)
to conditionally express the GFP-Foxmlb protein in
U20S cells. We transfected the CMV-TETO GFP-
Foxm1b expression plasmid into T-REx-U20S cells (con-
tains TET repressor) and selected clonal U20S cell lines
that are doxycycline inducible for GFP-Foxm1b expres-
sion. In response to doxycycline treatment, the CMV-
TETO GFP-Foxmlb U20S clone C3 cell line induced
intermediate levels of GFP-Foxm1b fusion protein (Fig.
9B). We therefore selected the U20S clone C3 cell line to
examine whether doxycycline-induced expression of
Foxm1b-GFP protein would enhance anchorage-inde-
pendent growth as assessed by propagation for 2 wk on
soft agar (Conzen et al. 2000). These soft agar experi-
ments demonstrated that induced expression of GFP-
Foxm1b protein caused a significant increase in anchor-
age-independent growth, as evidenced by increasing the
number and size of U20S cell colonies on soft agar (Fig.
9G,I) compared with uninduced controls (Fig. 9F) or the
wild-type U20S cells (Fig. 9C,D). These results suggest
that the Foxm1b protein displayed oncogenic properties
by stimulating anchorage-independent growth of U20S
cell colonies on soft agar. To determine whether the (D-
Arg)o-pl9ARF 26-44 peptide could inhibit this Foxm1b-
induced colony formation of U20S cells on soft agar, we
treated the doxycycline-induced U20S clone 3 cells with
12 uM of the (D-Arg),-p194EF 26-44 peptide 1 d prior to
plating and continued to add this concentration of (D-
Arg)o-pl9ARF 26-44 peptide in the soft agar and growth
medium throughout the duration of the experiment (see
Materials and Methods). The results of these soft agar
studies demonstrated that the (D-Arglo-pl92~RF 26-44
peptide significantly diminished the ability of induced
GFP-Foxmlb to stimulate colony formation of the
U20S clone C3 cells on soft agar (Fig. 9H,I). Further-
more, the (D-Arg)y-pl9*RF 26-44 peptide significantly
diminished the ability of the parental U20S cells to form
colonies on soft agar (Fig. 9E1I). Taken together, these
studies suggests that the (D-Arg),-p192RF 26-44 peptide
is an effective inhibitor of both Foxmlb-mediated tran-
scriptional activation and Foxmlb-induced stimulation
in anchorage-independent growth that is required for cel-
lular transformation.

Discussion

Liver regeneration studies with genetically altered mice
that either prematurely expressed Foxmlb in hepato-
cytes (Ye et al. 1999; Wang et al. 2001a,b) or contained a
hepatocyte-specific deletion of the Foxm1b fl/fl targeted
allele (Wang et al. 2002a; Costa et al. 2003) demonstrated
that Foxmlb is required for hepatocyte proliferation
through controlling levels of cell cycle regulatory pro-
teins. Microarray analysis of HCC tumors demonstrated
that expression of Foxmlb (Foxml) was increased in
HCC (Okabe et al. 2001}, but whether Foxm1b transcrip-

Foxml1b is required for liver tumors

tional activity is essential for development of HCC re-
mained to be determined. Here, we demonstrated that
both male and female Alb-Cre Foxmib™/~ livers are
highly resistant to developing HCC tumors in response
to DEN/PB exposure, an established method for induc-
tion of numerous HCC tumors in mouse liver (Tamano
et al. 1994, Sargent et al. 1996; Kalinina et al. 2003). We
showed that Alb—Cre Foxm1b~/~ hepatocytes express the
GST-pi protein, a marker for altered enzyme foci in re-
sponse to DEN/PB exposure (Hatayama et al. 1993).
However, these Alb—Cre Foxm1b~/~ hepatocytes failed to
undergo extensive proliferation following DEN/PB expo-
sure required for liver tumor progression and was asso-
ciated with nuclear accumulation of the Cdk inhibitor
p27%P!1 protein and significantly reduced levels of the
Cdc25B phosphatase (Fig. 9]). Moreover, the fact that
Foxm1b is expressed in numerous tumor cell lines (Kor-
ver et al. 1997; Yao et al. 1997; Ye et al. 1997), in basal
cell carcinomas (Teh et al. 2002) and in anaplastic astro-
cytomas and glioblastomas (van den Boom et al. 2003),
suggests that Foxmlb is likely required for proliferative
expansion of many different tumors.

We also showed that the p19#RF residues 26-44 were
sufficient to bind to the Foxm1b protein (Fig. 7E), inhibit
Foxmlb transcriptional activity (Fig. 7F), and target
Foxml1b protein to the nucleolus (Fig. 8G). Conditional
overexpression of Foxmlb protein in osteosarcoma
U20S cells stimulated anchorage-independent growth of
U20S cells on soft agar (Fig. 9B,F,G), suggesting that in-
crease levels of Foxm1b are involved in oncogenic trans-
formation. We demonstrated that a pl19*RF 26-44 pep-
tide containing nine D-Arg, to enhance cellular uptake of
peptide (Wender et al. 2000), efficiently transduced into
cells, localized to the nucleolus (Fig. 8L), and signifi-
cantly reduced Foxm1b transcriptional activity (Fig. 9A).
Furthermore, this (D-Argl,-p194RF 26-44 was sufficient
to cause significant reduction in Foxm1b-induced stimu-
lation of anchorage-independent growth of U20S cell
colonies on soft agar without displaying cellular toxicity
(Fig. 9G-I). Our studies demonstrated that the (D-Arg)o-
p19ARF 2644 peptide is an effective inhibitor of Foxm1b
function that may be useful for HCC therapy.

Sustained nuclear levels of p27%®! protein in Alb-Cre
Foxm1b~/~ hepatocytes is likely contributing to dimin-
ished cellular proliferation necessary for tumor cell pro-
gression, because p27%P! protein prevents Cdk phos-
phorylation of RB protein required for activation of E2F
transcription factors (Sherr and Roberts 1999). An in-
crease in the number of polyploid hepatocytes was also
observed in TTR- p21<"?! TG mice that ectopically ex-
pressed the related Cdk inhibitor p21<"*! protein in he-
patocytes (Wu et al. 1996). Consistent with these find-
ings, our current studies found persistent nuclear accu-
mulation of p27¥*! protein only in regenerating Alb—Cre
Foxm1b~/~ hepatocytes (Fig. 5A,B). Despite high levels of
nuclear p27%*! protein, these Alb—-Cre Foxm1b~/~ hepa-
tocytes exhibited detectable BrdU incorporation rates
that were 50% of those found in Foxm1b fl/fl livers at 36
h after PHx, but they failed to progress into mitosis
(Wang et al. 2002a). Our data suggested that Foxm1b-
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deficient hepatocytes became more polyploid than con-
trol hepatocytes at 23 and 33 wk of DEN/PB treatment
without notable changes in hepatocyte function as as-
sessed by serum analysis. On the basis of these studies,
sustained hepatocyte levels of nuclear p27%'*! protein
and diminished Cdc25B protein found in Alb-Cre
Foxm1b~'~ hepatocytes after DEN/PB exposure is likely
contributing to low levels of hepatocyte DNA replica-
tion with a block in progression into mitosis leading to
an increase in hepatocyte ploidy. These results are con-
sistent with low levels of hepatocyte DNA replication
with a significant reduction in mitosis as was previously
found in Foxm1b-deficient hepatocytes during liver re-
generation and development (Korver et al. 1998; Wang et
al. 2002a).

Persistent hepatocyte levels of nuclear p27%"! protein
were associated with the resistance of Alb-Cre
Foxm1b~'~ mice to developing liver tumors after 23 or 33
wk of DEN/PB exposure. In contrast, significant reduc-
tion in hepatocyte nuclear levels of p27¥*! protein was
found in Foxm1b fl/fl control mice at 6, 23, and 33 wk
after DEN/PB treatment, and this reduction was associ-
ated with development of both hepatic adenomas and
HCC. All nine female Alb-Cre Foxm1b~/~ livers were
devoid of tumors following 50 wk of DEN/PB exposure,
and they continued to exhibit hepatocyte nuclear levels
of p27%®! protein (Fig. 5K,N). After 50 wk of DEN/PB
exposure, we found that significant decreases in nuclear
levels of p27%*! protein of male Alb-Cre Foxm1b~/~ he-
patocytes, which correlate with the 50% increase in liver
tumor incidence (Fig. 5L,N). These results suggested that
the diminished nuclear expression of p27%®* protein in
male Alb—Cre Foxm1b~/~ livers contributed to increased
development of liver tumors after this prolonged DEN/
PB treatment. In support of these findings, diminished
nuclear localization of the p27%P! protein was associated
with more aggressive tumors in human breast cancer
(Porter et al. 1997; Liang et al. 2002; Shin et al. 2002;
Viglietto et al. 2002; Alkarain and Slingerland 2004).

We found that Alb-Cre Foxm1b~/~ livers did not ex-
hibit increased expression of total p27%iP! protein, but
rather, that Foxm1b deficiency resulted in increased he-
patocyte levels of nuclear p27%®! protein following
DEN/PB exposure (Figs. 5, 6). Consistent with this hy-
pothesis, diminished hepatocyte levels of nuclear p27+<i®!
protein were found in regenerating livers of old-aged
mice when Foxm1b expression was restored by infection
with an Adenovirus Foxmlb expression vector or by
growth hormone treatment (Wang et al. 2002b; Krupc-
zak-Hollis et al. 2003). Furthermore, we found that re-
generating Foxmlb~/~ hepatocytes failed to reduce
nuclear levels of p27¥P! protein, suggesting that Foxm1b
regulates nuclear localization of the p27*'?! protein. Our
recent studies demonstrated that Foxmlb transcrip-
tional activity requires an LXL Cdk docking motif (639—
641) that recruits either the Cdk2-Cyclin E/A (S phase)
or Cdk1-Cyclin B (G2 phase) complexes to the Foxm1b
activation domain (Major et al. 2004). Recruitment of
Cdk—cyclin complexes to the Foxm1b activation domain
is necessary for efficient phosphorylation of the Cdk site
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at Thr residue 596 (Major et al. 2004). Retention of this
Foxm1b 596 Cdk site was found to be essential for tran-
scriptional activity by mediating Cdk phosphorylation-
dependent recruitment of the CBP coactivator protein
(Major et al. 2004). In this study, we showed that asso-
ciation between p27%* and Foxm1b proteins was depen-
dent on retention of the Foxm1b LXL Cdk docking motif,
suggesting that the p27%®! protein indirectly associated
with the Foxm1b protein through the Cdk-cyclin com-
plexes. Furthermore, we showed that p27%®! protein ef-
fectively inhibits Foxml1b transcriptional activity (Fig.
6), a finding consistent with the ability of the p27%iP!
protein to inhibit kinase activity of the Cdk-Cyclin
complexes (Polyak et al. 1994; Zerfass-Thome et al.
1997) that are required for Foxm1b transcriptional func-
tion (Major et al. 2004). It is therefore possible that the
complex between p27%* and Foxm1b proteins may play
a role in mediating diminished nuclear levels of p27%P!
protein. On the basis of these studies, we hypothesize
that an increase in Foxmlb expression is necessary to
diminish nuclear levels of p27%* protein either directly
or indirectly, which is required for hepatocyte prolifera-
tion during liver tumor progression.

Diminished hepatocyte DNA replication in regenerat-
ing Alb-Cre Foxm1b~/~ livers was associated with in-
creased nuclear levels of the Cdk inhibitor p21<'*! pro-
tein (Wang et al. 2002a). Immunostaining of liver sec-
tions demonstrated that nuclear expression of p21<P!
protein in Alb—-Cre Foxm1b~/~ and Foxm1b fl/fl hepato-
cytes was similar and restricted to hepatocytes surround-
ing the central vein after 6, 23, or 33 wk of DEN/PB
treatment (data not shown). This similar expression pat-
tern of nuclear p21<™! protein in hepatocytes of DEN/
PB-treated mice suggested that elevated p21<'*! protein
levels are unlikely to be involved in suppressing tumor
formation in Alb-Cre Foxm1b~/~ livers.

Our studies also demonstrated that Foxm1b is a novel
target for transcriptional inhibition by the p194%F (p19)
tumor suppressor, a finding consistent with the impor-
tant role of Foxmlb in the proliferative expansion of
liver tumors. We found that hepatic expression of p19
protein is induced in liver extracts of control mice at 6
wk following DEN/PB exposure, and that p19 associated
with Foxm1b protein in these liver protein extracts (Fig.
7A,B). In a manner similar to that observed with the
E2F1 transcription factor (Martelli et al. 2001; Datta et
al. 2002), we find that the p19 protein inhibits Foxm1b
transcriptional activity in cotransfection assays, and that
p19 protein targeted Foxmlb protein to the nucleolus.
Consistent with the hypothesis that p19 negatively regu-
lates Foxml1b transcriptional activity to diminish hepa-
tocyte proliferation during tumorigenesis, we found that
periportal control hepatocytes displayed abundant
nuclear staining of the Foxm1b protein at 6 wk following
DEN/PB exposure, but these hepatocytes only displayed
low levels of proliferation. Increased hepatocyte levels of
nuclear Foxml1b transgene protein without an increase
in hepatocyte PCNA staining were also found at early
time points following DEN treatment of TTR-Foxm1b
TG mice (Kalinina et al. 2003). We propose that the tran-
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sient induction of p19 protein levels may be involved in
reducing Foxmlb activity and preventing hepatocyte
proliferation early in the process of DEN/PB tumor pro-
motion (Fig. 9]J). Consistent with this hypothesis, we
demonstrated that Foxmlb protein is found in the
nucleolar compartment of hepatocyte nuclei following 6
wk of DEN/PB treatment, whereas Foxm1b immunos-
taining was excluded from the hepatocyte nucleolus af-
ter 23 wk of DEN/PB exposure, when they no longer
express pl9 (data not shown). In a manner congruent
with other tumor studies (Sherr and McCormick 2002),
hepatic levels of p19 protein are extinguished during tu-
mor promotion at 23 wk following DEN/PB treatment,
and therefore, can no longer inhibit Foxm1b ability to
stimulate tumor cell proliferation at these later stages of
tumorigenesis (Fig. 9J). Interestingly, elevated hepato-
cyte levels of Foxm1b in TTR-Foxm1b TG mice caused
an increase in the size of preneoplastic and early neo-
plastic lesions after 23 wk DEN/PB exposure, but did not
influence the incidence of HCC tumors after 33 wk of
DEN/PB treatment (Kalinina et al. 2003). These results
are consistent with the fact that hepatic adenomas and
HCC already express ample levels of nuclear Foxmlb
protein and no longer express pl9 tumor suppressor,
which functions to inhibit Foxm1b transcriptional activ-
ity (Fig. 9J). The Foxm1b transcription factor is therefore
a potential target for inhibition by the pl9 tumor sup-
pressor, thus identifying a new pathway targeted by p19
to prevent tumor formation.

Patients with HCC tumors have poor prognoses, be-
cause late detection of these liver tumors renders current
cancer therapy ineffective (Block et al. 2003; Varela et al.
2003). One of the potentially curative approaches in
HCC therapy is based on interfering with HCC progres-
sion by blocking cell division. Our studies demonstrate
for the first time that the Foxm1b transcription factor is
required for the proliferative expansion necessary for tu-
mor progression and constitutes a novel target in treat-
ment of human HCC tumors. Furthermore, they suggest
the possibility that restoring p19 expression may be an
effective method of inhibiting Foxm1b transcriptional
activity, thereby limiting the proliferative expansion of
tumor cells (Fig. 9]J). Our functional studies demon-
strated that p192RF residues 26-44 were sufficient to in-
hibit Foxm1Db transcriptional activity and target it to the
nucleolus. Consistent with this hypothesis, we demon-
strated that the membrane transducing (D-Arg),-p194RF
26-44 peptide significantly reduce both Foxmlb tran-
scriptional activity and Foxm1b-induced stimulation of
anchorage-independent growth, demonstrating that the
(D-Arg)o-p194RF 26-44 peptide is an effective inhibitor of
Foxm1b function that may be potentially used for HCC
therapy. Furthermore, these p194®F 26-44 sequences are
distinct for the inhibition of Foxm1b transcriptional ac-
tivity. These pl9”*F sequences do not completely over-
lap with those required for inhibition of the p53 regula-
tory protein Mdm2 (p194%F 1-14 and 26-37; Weber et al.
2000) or the proliferation-specific E2F1 transcription fac-
tor protein (p19ARF 6-10 and 21-25; A. Datta and P.
Raychaudhuri, unpubl.).

Foxml1b is required for liver tumors

Although targeted mutations of other proliferation-
specific transcription factors were shown to delay or re-
duce the size of tumors, none of these transcription fac-
tors had the profound effect on proliferative expansion of
tumors observed with Foxm1b deficiency. Using the
DEN/PB liver tumor induction protocol, hepatocyte-spe-
cific deletion of the c-Jun transcription factor was suffi-
cient to delay formation of hepatic adenomas, because
c-Jun function is required to inhibit p53-mediated apo-
ptosis at early stages of liver tumor progression (Eferl et
al. 2003). However, c-Jun deficiency had no effect on in-
cidence of HCC that were induced at later time points
after DEN/PB treatment, suggesting that c-Jun’s cell sur-
vival function was circumvented by secondary muta-
tions during formation of HCC (Eferl et al. 2003). Unlike
the initial resistance of c-Jun™~ livers to adenomas,
Foxm1b deficiency did not cause an increase in apoptosis
during liver tumor progression, but rather had a profound
effect on the proliferative expansion of tumor cells. A
TG mouse brain tumor model was developed in which
RB was inactivated by expression of N-terminal frag-
ment of SV40 T antigen (TgT,,,) in the choroid plexus
epithelium, causing brain tumors with p53-induced ap-
optosis (Yin et al. 1997). Using this TgT,,; model of
brain tumors, E2F1 deficiency caused a significant reduc-
tion in the growth of choroid plexus tumors through re-
duced proliferative expansion of the tumor cells that was
counterbalanced by an 80% reduction in p53-dependent
apoptosis (Pan et al. 1998). The Alb-Cre Foxm1b~/~ he-
patocytes differ from the E2F1~/~ brain tumors in that
Foxm1b deficiency causes a more complete block in pro-
liferative expansion during liver tumor growth without
influencing apoptosis. Foxm1b deficiency completely
prevented development of liver tumors after 33 wk of
DEN/PB exposure, a treatment sufficient to cause HCC
tumors in control male mice.

Expression of genetically altered forms of several other
Fox transcription factors has been implicated in tumori-
genesis, including the mammalian FKHR (FoxOl) and
the avian Qin (Foxgl) genes (Li and Vogt 1993; Barr et al.
1996). The Avian Sarcoma virus 31 expresses the Qin
oncoprotein, a GAG-Foxgl transcriptional repressor fu-
sion protein that causes transformation of avian embryo
fibroblasts in vitro and fibrosarcomas in chickens (Li and
Vogt 1993; Chang et al. 1996; Li et al. 1997). Chromo-
some translocations between either Pax3 or Pax7 and
FoxO1 (FKHR) transcription factors create a fusion pro-
tein that is a more potent Pax3/7 transcriptional activa-
tor, which stimulates target genes involved in cellular
transformation (Barr et al. 1996; Scheidler et al. 1996;
Barr 2001). Furthermore, activation of Akt kinase is es-
sential for progression into S phase, because AKT inhib-
its FoxO4 (AFX)/FoxO3a (FKHR-L1)-mediated transcrip-
tion of the Cdk inhibitor p27¥*! (Medema et al. 2000)
and the retinoblastoma-like p130 genes (Kops et al. 2002)
and inhibits FoxOl transcription of pro-apoptotic target
genes (Brunet et al. 1999). Unlike the FoxO proteins,
whose transcriptional inhibition is required for cell cycle
progression, expression of Foxmlb is essential for the
proliferative expansion of tumor cells through dimin-
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ished nuclear accumulation of p27%®! protein and
stimulation of Cdk-1 activator Cdc25B.

In summary, we demonstrate that Foxm1b™/~ mouse
livers fail to proliferate and are highly resistant to de-
veloping HCC after DEN/PB exposure. This resistance
of Foxm1b~/~ hepatocytes to developing liver tumors
was associated with aberrant increase in hepatocyte
nuclear levels of Cdk inhibitor p27%"! protein and di-
minished expression of the M-phase-promoting Cdc25B
phosphatase. Furthermore, we showed that DEN/PB ex-
posure caused a transient increase in hepatic expression
of the p19®F tumor suppressor, and that Foxmlb is a
novel target for p19**F-mediated transcriptional inhibi-
tion. We propose that the transient induction of p19 pro-
tein levels may inhibit Foxmlb activity, thereby pre-
venting hepatocyte proliferation early in the process of
DEN/PB tumor promotion (Fig. 9J). Furthermore, a mem-
brane transducing (D-Argl, pl9ARF 26-44 peptide was
found to significantly diminish Foxmlb stimulation of
colony formation of U20S cells on soft agar, suggesting
that this p19FF peptide is an effective therapeutic in-
hibitor of Foxm1b transformation function. These stud-
ies demonstrate that the Foxm1b transcription factor is
required for proliferative expansion during tumor pro-
gression and constitutes a new potential target for hu-
man HCC tumor therapy to diminish proliferation of
this aggressive liver cancer.

Materials and methods

DENY/PB liver tumor induction protocol

Generation of the mice containing the Foxm1b LoxP/LoxP (fl/fl)
targeted allele, which were bred into the C57BL/6 background
for four generations, was described previously (Wang et al.
2002a). Conditional deletion of the Foxm1b fl/fl allele in adult
hepatocytes was accomplished through breeding with the Alb-
Cre C57BL/6 transgenic mice (Postic and Magnuson 2000),
which were purchased from Jackson Labs. To determine
whether Foxm1b™/~ hepatocytes are refractory to formation of
hepatocellular adenomas and carcinomas, we subjected Alb-
Cre Foxm1b™~ and Foxm1b fl/fl (control) mice to a DEN/PB
liver tumor-induction protocol (Tamano et al. 1994; Sargent et
al. 1996; Kalinina et al. 2003). Foxm1b fl/fl male mice were
mated with female Alb-Cre Foxm1b f1/fl C57BL/6 mice to gen-
erate Foxm1b fl/fl (control) and Alb-Cre Foxm1b~/~ (experimen-
tal) offspring. At 14 d postnatally, the entire mouse litter re-
ceived single IP injections of the tumor initiator DEN (5 ng of
DEN/g body weight; Sigma, catalog no. N0756), which induces
hepatocyte DNA damage through DNA adduct formation. Two
weeks following injection of the tumor initiator DEN, the mice
were administered the liver tumor promoter PB by providing
them water containing 0.05% of PB for the duration of the liver
tumor-induction experiment (Tamano et al. 1994; Sargent et al.
1996; Kalinina et al. 2003). We sacrificed Foxm1b fl/fl mice and
Alb—Cre Foxm1b™~ mice at 6, 23, 33, or 50 wk after DEN in-
jection to examine dissected livers for tumors. The liver tissue
was used to prepare total protein extracts for Western blot
analysis (Rausa et al. 2000) or used for paraffin embedding to
prepare 5-pm liver sections (Wang et al. 2002a).
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BrdU labeling, immunohistochemical staining, and TUNEL
apoptosis assay

To monitor hepatic cellular proliferation, PB was removed 4 d
prior to the completion of the experiment, and mice were placed
on drinking water with 1 mg/mL of 5-bromo-2’-deoxyuridine
(BrdU) for 4 d before they were sacrificed (Ledda-Columbano et
al. 2002). Liver sections were histologically stained with H&E
and hepatocyte DNA replication was determined by immuno-
fluorescent detection of BrdU incorporation. Rabbit polyclonal
antibodies specific to Foxmlb (Ye et al. 1997, 1999), p27%ir!
(Cell Signaling), p21<*! and CAR (both from Santa Cruz Bio-
tech), AFP and GST-pi (both from Dako Corp.) proteins were
used for immunohistochemical detection of 5-um liver sections
using methods described previously (Ye et al. 1997, 1999; Wang
et al. 2002b). To measure apoptosis in mouse livers isolated
from either untreated or DEN/PB-treated Foxm1b fl/fl and Alb-
Cre Foxm1b™~ mice (6, 23, or 33 weeks), TUNEL assay was
performed on liver sections using the ApoTag Red in situ apo-
ptosis detection kit from Intergen according to the manufactur-
er’s recommendations. Centromere-specific mouse FISH probe
was purchased from Vysis Inc. and used to hybridize paraffin-
embedded liver sections according to manufacture’s protocol.
We calculated the mean number (+S.D.) of p27%¥®! BrdU,
TUNEL, or DAPI-positive hepatocyte nuclei per 1000 cells or
200x field by counting the number of positive hepatocyte nuclei
using five different 200x liver sections from three distinct male
mice at the indicated times of DEN/PB exposure or untreated.

Western blot analysis, Co-IP assays

For Western blot analysis, 100 ng of total protein extracts pre-
pared from liver (Rausa et al. 2000) were separated on SDS-
PAGE and transferred to PVDF membrane (Bio-Rad). For West-
ern blot analysis, we used rabbit antibodies specific to either
p27%iPL (Cell Signaling; 1:1000), p19ARE (AB8O; GeneTex; 1:750)
Cdk2, Cdc25B, or Cdc25C (all from Santa Cruz Biotech, 1:1000)
proteins. The primary antibody signals were amplified by HRP-
conjugated secondary antibodies (Bio-Rad) and detected with
Enhanced Chemiluminescence Plus (ECL-plus, Amersham
Pharmacia Biotech). Western blot analysis was performed with
liver extracts from two mice per indicated time points following
DEN/PB treatment and signal intensities were normalized to
Cdk?2 signals. Quantitation of expression levels was determined
with Tiff files from scanned films by using the BioMax 1D pro-
gram (Kodak).

To define the p19A*F sequences that are sufficient to associate
with and inhibit Foxm1b transcriptional activity, we used PCR
amplification with primers to introduce the protein transduc-
tion/nuclear localization domain (MGYGRKKRRQRRR) from
the HIV-TAT protein (Becker-Hapak et al. 2001) at the N ter-
minus of either the p19**F sequences 26-44 or 26-55. For both
constructs, we used the sense HindIll ATG-TAT mouse pl9
(26-34) primer CTCAAGCTTAACATGGGCTACGGCCGC
AAGAAACGCCGCCAGCGCCGCCGCAAGTTCGTGCGAT
CCCGGAGACCC, the antisense EcoR1 p19 45-37 primer CT
CGAATTCGTTCACGAAAGCCAGAGCGCAGCT, and the
antisense EcoR1 pl9 55-48 primer CTCGAATTCTCTTCT
CAAGATCCTCTCTAGCCT (underlined is the HindIIl or
EcoR1 restriction enzyme sequence). The PCR products were
digested with HindIIl and EcoR1 and the TAT-pl9 sequences
were cloned in-frame with the V5 epitope/polyhistidine tag in
the corresponding sites in the CMV promoter containing
pcDNA3.1/V5-His A expression vector (Invitrogen). We also
cloned the HindIIl and EcoR1 TAT-p19 sequences into the cor-
responding sites of the CMV pEGFP expression vector (Clon-
tech).
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U20S cells were plated on 100-mm plates and transiently
transfected with 5 ng of CMV GFP-Foxm1b or CMV HA-epit-
ope-tagged wild-type p19RF or CMV expression plasmids con-
taining HA tagged N-terminal deletion mutants of the p19ARF
protein (A1-14, A15-25, A26-37, or A26-37 + Al-14) or V5-
TAT-p192%F proteins (2644 or 26-55). Transfected cells were
harvested at 48 h following transfection in PBS, pelleted by
centrifugation, and used to make total cell protein extracts us-
ing the NP40 lysis buffer as described previously (Major et al.
2004). The NP40 lysis buffer consisted of 50 mM Tris (pH 7.5),
100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1% NP40, 5%
Glycerol, and freshly added 1x Complete Mini protease inhibi-
tor cocktail (Roche), 2 mM PMSF and phosphatase inhibitors,
20-mM B-glycerolphosphate, 2 mM NaF, and 2 mM NaVO,.
The HA epitope tag antibody (Roche; 2 ng/Co-IP) was used to
immunoprecipitate the p192RF protein from U20S lysates (500
pg) transfected with CMV GFP-Foxm1b and CMV expression
vectors containing either wild-type HA-p19A*F or N-terminal
mutant HA-p192®F proteins, and then subjected to Western blot
analysis with a monoclonal antibody against the GFP protein
(Clontech). We also used the V5 epitope tag antibody (Invitro-
gen; 2 ug/Co-IP) to immunoprecipitate the p194RF protein from
U20S lysates (500 ng) transfected with CMV GFP-Foxm1b and
CMV expression vector containing either V5-TAT-p19ARF 26—
44 or V5-TAT-p19””F 26-55, and then subjected to Western blot
analysis with a monoclonal antibody against the GFP protein
(Clontech).

For Co-IP experiments, 500 pg of protein extract prepared
from either untransfected passage 12 MEFs or DEN/PB-treated
liver was immunoprecipitated with pl19**F antibody (ABSO;
GeneTex; 2 ng), followed by Western Blot analysis with mouse
antibody Foxm1b protein (1:5000). The signals from the primary
antibody were amplified by HRP-conjugated anti-mouse IgG
(Bio-Rad), and detected with Enhanced Chemiluminescence
Plus (ECL-plus, Amersham Pharmacia Biotech).

Foxm1b and p19 cotransfection assays and synthesis
of (D-Arg)o-p19RF26-44 peptide

Human osteosarcoma U208 cells were maintained in DMEM
supplemented with 10% fetal calf serum, 1x Pen/Strep, and 1x
L-Glutamine (GIBCO). For transient transfection, U20S cells
were plated in six-well plates and transfected using Fugene 6
reagent (Roche) according to the manufacturer’s protocol. Cells
were transfected with 500 ng of CMV wild-type Foxm1b 1-748
alone or with CMV expression vectors containing either wild-
type T7-p192RF or N-terminal mutant T7-p19**F protein (Al-
14, A15-25, A26-37, or A26-37 + Al-14) or V5-TAT-pl9ARF 26
44 or V5-TAT-p194RF 26-55 sequences and with 1.5 ug of a 6x
Foxmlb TATA-Luciferase reporter. We also included 10 ng of
CMV-Renilla luciferase reporter plasmid as an internal control
to normalize transfection efficiency. Cotransfection assays
were also performed with 500 ng of CMV Foxm1b 1-688 and 6x
Foxmlb TATA-Luciferase reporter and 10 ng of CMV-Renilla
internal control. Twenty-four hours posttransfection, cells were
prepared for dual luciferase assays (Promega). Luciferase activity
was determined as percent of wild-type Foxm1b activity follow-
ing normalization to Renilla activity. Experiments were per-
formed at least four times in triplicate and mean = S.D. deter-
mined.

The Sigma-Genosys company (The Woodlands) synthesized a
(D-Arg)o-p19ARF 26-44 peptide (rrrrrrrrrKFVRSRRPRTAS-
CALAFVN) containing nine D-Arg residues at the N terminus,
which has been demonstrated to enhance cellular uptake of
polypeptides (Wender et al. 2000). The (D-Arg),-pl9ARF 26-44
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peptide is tagged with a fluorescent Lissamine (TRITC) on the N
terminus and acetylated at the C terminus and was purified by
high-pressure liquid chromatography (Sigma-Genosys). Co-
transfection assays were also performed with 500 ng of CMV
Foxml1b 1-688, 6x Foxm1b TATA-Luciferase reporter, and 10 ng
of CMV-Renilla internal control. The transfected U20S cells
were treated with 12 uM of the pl9*®F rrrrrrrrrKFVRSR-
RPRTASCALAFVN peptide for 24 h, and then harvested for
dual luciferase assays (Promega) as described above.

U20S cells were transiently transfected in two-well chamber
slides (Nunc) with CMV GFP-Foxm1b expression constructs in
the presence or absence of either CMV wild-type T7-p19ARE,
CMV HA-p194RF, or CMV expression constructs containing ei-
ther N-terminal mutant T7-p192RF proteins (A1-14, A15-25, or
A26-37) or V5-TAT-p192%F proteins (26-44 or 26-55). We also
transiently transfected U20S cells with CMV EGFP expression
vector containing the TAT-p19RF proteins (26-44 or 26-55).
Forty-eight hours posttransfection, cells were fixed in 4% para-
formaldehyde for 20 min at room temperature. GFP fluores-
cence or immunofluorescence with anti-HA antibody following
TRITC-conjugated secondary antibody was detected using a
Zeiss microscope. U20S cells were treated with 12 uM of the
rrrrrrrrrKFVRSRRPRTASCALAFVN peptide for 24 h, and then
analyzed for TRITC fluorescence as described above.

Creation of doxycycline-inducible CMV-TETO GFP-Foxm1b
U20S cell line and soft agar assays

The T-REx-U20S cells were purchased from Invitrogen Life
Technologies (catalog no. R712-07). The T-REx-U20S cells ex-
press the Tet repressor from pCEP4/tetR that is episomally
maintained in tissue culture medium containing 10% fetal calf
serum and drug selection with 50 ng/mL of Hygromycin B. Tet-
racycline regulation in the T-REx System is based on the bind-
ing of tetracycline to the TET repressor and derepressing of the
CMV-TETO promoter controlling expression of the gene of in-
terest (Yao et al. 1998). We generated the pCDNA4-TO GFP-
Foxmlb expression plasmid provided in the T-REx system as
described previously (Major et al. 2004) and transfected T-REx-
U20S cells with linearized pPCDNA4-TO GFP-Foxmlb expres-
sion plasmid to select clonal doxycycline inducible GFP-
Foxmlb U20S cell lines. CMV-TETO GFP-Foxmlb U20S
clones were isolated by selection for 3 wk with tissue culture
medium containing 50 ng/mL of Hygromycin B and 250 pg/mL
of Zeocin. The CMV-TETO GFP-Foxm1b U20S clone C3 cell
line was selected for the soft agar assays because it exhibited
intermediate expression of the GFP-Foxm1b fusion protein in
response to 1 pg/mL of Doxycycline (Sigma D-9891) as deter-
mined by Western blot analysis with GFP monoclonal antibody.
Wild-type U20S cells or CMV-TETO GFP-Foxm1b U20S clone
C3 cells were grown in medium with or without 1 pg/mL of
Doxycycline for 2 d prior to either adding the (D-Arg)o-p194RF
26-44 peptide or left untreated. We then added 12 pM of this
p19ARF peptide (rrrrrrrrrKFVRSRRPRTASCALAFVN) for 24 h
prior to splitting the cells for the soft agar assays using proce-
dures described previously (Conzen et al. 2000). U20S cells (10°)
were plated subconfluently in a six-well plates in 0.7% agarose
on a 1.4% agarose bed in the presence or absence of 12 uM of the
(D-Arg)y-p192RF 26-44 peptide and 1 pg/mL of Doxycycline. Ev-
ery 4 d, the tissue-culture medium containing 10% fetal calf
serum, 12 uM of the (D-Arg)o-p192RF 26-44 peptide, and 1 ng/
mL of doxycycline was replaced. Controls included growth in
medium containing 10% fetal calf serum with or without 1
pg/mL of Doxycycline. U20S cell colonies that were larger than
1 mm in size were scored after 2 wk of growth on the soft agar.
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