Gene Expression, Vol. 11, pp. 149-162 1052-2166/03 $20.00 + .00
Printed in the USA. All rights reserved. Copyright © 2003 Cognizant Comm. Corp.
WWww.cognizantcommunication.com

Rapid Hepatocyte Nuclear Translocation
of the Forkhead Box M1B (FoxM1B)
Transcription Factor Caused
a Transient Increase in Size
of Regenerating Transgenic Hepatocytes
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VLADIMIR V. KALINICHENKO, YAN ZHOU, RITA LEPE, AND ROBERT H. COSTA'
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The Forkhead Box (Fox) proteins are an extensive family of transcription factors that shares homology in the
winged helix DNA binding domain. Liver regeneration studies with the —3 kb transthyretin (TTR) promoter-
driven FoxM1B transgenic (TG) mice demonstrated that premature hepatocyte nuclear localization of the
FoxM1B transgene protein at 16 h following partial hepatectomy (PHx) caused an 8-h acceleration in the onset
of hepatocyte DNA replication (S-phase) and mitosis by stimulating earlier expression of cell cycle genes.
Whether the FoxM1B transgene protein participates in immediate early events during liver regeneration remains
to be determined. Here, we found that the FoxM1B transgene protein translocated to hepatocyte nuclei immedi-
ately following PHXx, that its nuclear staining persisted for the first 6 h after surgery, and that this translocation
was associated with an increase in size of regenerating TG hepatocytes. However, regenerating TTR-FoxM1B
liver did not exhibit altered expression of proteins that have been implicated in mediating increased cell size,
including serum-and-gucocorticoid-inducible protein kinase (SGK), protein kinase-B/Akt, the tumor suppresser
gene PTEN (negative regulator of the PI3K/Akt pathway), c-Myc, or peroxisome proliferation. Moreover, we
demonstrated that hepatocyte nuclear translocation of the FoxM 1B transgene protein was rapidly induced during
the hepatic acute phase response, which occurs during the immediate early stages of liver regeneration. Analysis
of cDNA expression arrays identified a number of genes such as immediate early transcription factors (ID-3,
Stat3, Nur77), matrix metalloproteinase-9 (MMP-9), and several glutathione S-transferase (GST) isoforms and
stress response genes, whose expression is elevated in regenerating TTR-FoxM1B TG livers compared with
regenerating wild-type (WT) liver. These liver regeneration studies demonstrate that hepatocyte nuclear translo-
cation of the FoxM1B transgene protein was sustained for the first 6 h after PHx, and was associated with
transient hypertrophy of regenerating TG hepatocytes and increased expression of genes that may enhance hepa-
tocyte proliferation.
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THE mammalian liver is one of the few adult organs
capable of completely regenerating itself in response
to injury (32). Liver regeneration induced by two
thirds partial hepatectomy (PHx) results in synchro-
nous induction of hepatocyte DNA replication (S-
phase) and mitosis. This proliferative response is ini-
tiated by the release of growth factors and cytokines
that stimulate expression and nuclear translocation of
immediate early transcription factors, which mediate
reentry of terminally differentiated hepatocytes into
the cell cycle (12,16,32,43). The Forkhead Box (Fox)
transcription factors are an extensive family of tran-
scription factors, consisting of more than 50 mamma-
lian proteins (21), that shares homology in the
winged helix DNA binding domain (7,30). Its mem-
bers play important roles in regulating transcription
of genes involved in cellular proliferation (46,47,49,
57,58), differentiation (6,9,13,59), and metabolic ho-
meostasis (20,35). The FoxM1B (FoxM1) protein (pre-
viously known as HFH-11B, Trident, or WIN) is a pro-
liferation-specific transcriptional activator that is
expressed in all replicating cells examined (27,56,58).
FoxM1B expression is extinguished in the liver postna-
tally, but its expression is markedly induced in regener-
ating liver during the G,/S transition and continues
throughout the period of hepatic cell proliferation (58).
Premature expression of FoxM1B in regenerating liver
of transthyretin (TTR)-FoxM1B transgenic (TG) mice
accelerated the onset of hepatocyte DNA replication
and mitosis by stimulating earlier expression of cell
cycle genes (46,57). Furthermore, maintaining hepato-
cyte expression of FoxM1B in 12-month-old (old-
aged) TTR-FoxM1B TG mice is sufficient to increase
regenerating hepatocyte DNA replication and mitosis
and reestablish expression of cell cycle regulatory
genes to levels found in young regenerating mouse
liver (49). These results suggest the hypothesis that
Foxmlb controls the transcriptional network of genes
essential for progression through the cell cycle.

Consistent with this hypothesis, we used the albu-
min promoter/enhancer-driven Cre recombinase trans-
gene to mediate conditional deletion of the Foxmlb
LoxP/LoxP (fl/fl) allele in adult hepatocytes, and
found that Foxmlb deficiency resulted in significant
reduction in hepatocyte DNA replication and mitosis
following partial hepatectomy (47). Reduced hepato-
cyte DNA replication was associated with increased
protein levels of Cdk inhibitor p21“"" and reduced
protein expression of Cdc25A phosphatase, leading
to decreased Cdk2 activation and progression into S-
phase (47). Diminished hepatocyte mitosis was asso-
ciated with undetectable expression of the Cdc25B
phosphatase and delayed accumulation of cyclin B1,
which is required for cyclin B-Cdk1 kinase activation
and entry into mitosis.

WANG ET AL.

In this study, we compared wild-type (WT) and
TTR-FoxM1B transgenic (TG) mice during the initial
time points following partial hepatectomy (PHx). The
FoxM1B transgene protein was found to translocate
immediately to hepatocyte nuclei following PHx, and
its nuclear staining was sustained for the first 6 h
following PHx. FoxM1B nuclear staining was associ-
ated with a significant increase in size of regenerating
TG hepatocytes. However, regenerating TTR-FoxM1B
liver did not exhibit altered expression of proteins
which have been implicated in mediating increase in
cell size, including serum-and-gucocorticoid-induc-
ible protein kinase (SGK) (4,5,26,45,50), Akt (8,14,
41,44), the tumor suppressor gene PTEN (2,3,10,18,
28,52), and c-Myc (24). Furthermore, regenerating
TG liver displayed WT levels of the peroxisomal
membrane protein 70 (PMP 70), indicating that there
was no increase in peroxisome proliferation, which is
also known to increase hepatocyte size (19,37). These
studies demonstrate that the transient nuclear translo-
cation of FoxMI1B transgene protein is associated
with increase in the size of regenerating TG hepato-
cytes and utilized pathways that are distinct from
SGK, PI3K/Akt, c-Myc, or peroxisome proliferation.
Analysis of cDNA expression arrays identified a
number of genes whose expression is elevated in re-
generating TTR-FoxM1B TG livers compared with
regenerating WT liver. These include immediate early
transcription factors (ID-3, Stat3, Nur77), matrix
metalloproteinase-9 (MMP-9), and several glutathi-
one S-transferase (GST) isoforms and stress response
genes. These liver regeneration studies demonstrate
that a transient hepatocyte nuclear translocation of
the FoxM1B transgene protein immediately follow-
ing PHx was associated with transient hypertrophy of
regenerating TG hepatocytes and increased expres-
sion of genes that may enhance cell cycle progres-
sion.

MATERIALS AND METHODS

Partial Hepatectomy Surgery, LPS
Administration, Immunohistochemical
Staining, and Western Blot Analysis

Generation of FoxMI1B transgenic CD-1 mice,
which used the —3 kb TTR promoter to constitutively
express the human FoxM1B c¢cDNA transgene in he-
patocytes, has been described previously (57). Two-
month-old WT or TTR-FoxM1B TG CD-1 mice were
subjected to two thirds PHx to induce liver regenera-
tion as described previously (57). We sacrificed two
mice per time point following PHx operation (15
min, 1, 2, 4, 6, and 8 h) using CO, asphyxiation, and
regenerating livers were dissected. To induce the
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acute phase response, 2-month-old WT or TG CD-1
mice were treated with 100 pg of lipopolysaccharide
(LPS; serotype O11B4; Sigma) by IP injection, sacri-
ficed at either 1 or 2 h following LPS administration,
and their livers dissected as described previously
(38). Dissected mouse liver tissue was divided into
two portions: one to isolate nuclear protein extracts
as described previously (33); the rest of the liver was
paraffin embedded and 5-um sections were prepared
with a Microtome and then processed for immunobhis-
tochemical staining as described previously (57). Fur-
thermore, two 8-week-old WT and TTR-FoxM1B TG
mice were subjected to PHx, sacrificed at 4 h follow-
ing surgery, and liver tissue was dissected. These liv-
ers were used to prepare total protein extracts and
total RNA as described previously (39,57). These
mouse experiments were approved by the University
of Illinois Animal Welfare committee.

For immunohistochemical staining, paraffin wax
was removed from liver sections with xylenes, and
they were rehydrated with decreasing graded ethanol
washes. Microwave retrieval was used to enhance the
antigenic activity as described previously (39,57).
FoxM1B (HFH-11B) antibody (57,58) was used for
immunohistochemical detection using the ABC kit and
DAB peroxidase substrate purchased from Vector Lab-
oratories (Burlingame, CA). For Western blot analysis,
200 pg of liver nuclear extract (33) was separated on
SDS polyacrylamide gel electrophoresis (PAGE) and
transferred to Protran membrane (Schleicher & Schuell,
Keene, NH). The primary FoxM1B N-terminal-specific
antibody was amplified by biotin conjugated anti-rabbit
IgG (Bio-Rad, Hercules, CA), and developed signals
with enhanced chemiluminescence (ECL, Amersham
Pharmacia Biotech, Piscataway, NIJ).

RNase Protection Assays

RNase protection assay (RPA) probe for the mouse
c-Myc gene was a gift from Dr. Nissim Hay (Dept.
of Molecular Genetics, University of Illinois at Chi-
cago). The RPA GSK probe was generated by RT-
PCR of TG liver mRNA isolated at 4 h following
PHx using the following primers: 5’-acctcctgtggattce
ttcctetg-3”  and  5'-actgcggggattcctettagac-3’.  RT-
PCRs were performed using SUPERSCRIPT™ One-
Step RT-PCR with PLATINUM" Tagq kit (Invitrogen,
CA) according to the manufacturer’s recommenda-
tions as described previously (23). The PCR product
was cloned into pCR®II vector (TA Cloning® Kit
Dual promoter, Invitrogen Life Technologies. Carls-
bad, CA) and antisense-labeled RNA probe was syn-
thesized with T7 RNA polymerase and [o-"P]UTP
(ICN, Irvine, CA) using BamHI digested pCR®Il
GSK plasmid. RPAs were performed by hybridizing

40 pg of total liver RNA with [“P]UTP-labeled anti-
sense RNA probe followed by RNase one digestion,
electrophoresis, and autoradiography as described
previously (39,46,57). Quantitation of expression lev-
els was determined with scanned X-ray films or agar-
ose gel tiff files by using the BioMax 1D program
(Eastman Kodak Co) and were normalized to
cyclophilin RNA levels. The mean was determined
from two distinct regenerating livers using the Micro-
soft Excel program.

Analysis of cDNA Arrays

To identify genes whose expression is altered in
regenerating TTR-FoxM1B TG liver at 4 h following
PHx, we performed gene expression analysis using
Clontech Mouse Atlas 1.2 cDNA Expression Array
analysis as described previously (22,42,46). We syn-
thesized radioactive cDNA probes from RNA pre-
pared from two distinct regenerating livers isolated
from either WT or TTR-FoxM1B TG mice at 4 h
after PHx using [o-"P]dATP (ICN, Irvine, CA) as
described by the manufacturer’s protocol. Each liver
cDNA probe was used to hybridize to a distinct Atlas
mouse 1.2 array (Clontech, Palo Alto, CA) as de-
scribed previously (42,46). Following hybridizing
and rinsing, Atlas cDNA arrays were exposed to the
phosphor-imaging screens for 1 or 2 days and scanned
with a storm 840 Phosphorimager. After subtraction
of background, hybridization signals were normalized
to two control genes: 40S ribosomal protein S29
(L31609) and cytoplasmic B-actin (M12481). We
used the AtlasImage 1.5 program (Clontech) to deter-
mine normalized expression levels and used them to
determine the fold induction of gene expression in
regenerating TTR-FoxM1B TG liver compared with
regenerating WT liver.

RESULTS AND DISCUSSION

FoxM 1B Transgene Protein Is Immediately
Translocated to the Nucleus Following PHx

Our previous studies demonstrated that deletion of
the terminal 800 nucleotides from the 3" end of the
human FoxM1B (HFH-11B) cDNA resulted in stabi-
lization of the FoxMIB transgene mRNA in unin-
jured liver and that the FoxMIB transgene protein
was cytoplasmic in quiescent hepatocytes (57). Fol-
lowing PHXx, nuclear FoxM1B transgene protein was
detected by 16 h following PHx, which was 16 h ear-
lier than in regenerating WT liver (57). This prema-
ture nuclear localization of the FoxM1B transgene
protein in regenerating TG liver caused an 8-h accel-
eration of the onset of hepatocyte DNA replication



152

and mitosis by stimulating earlier expression of cell
cycle genes (46,57). In this study, we used the same
TTR-FoxM1B TG mouse line to determine whether
the FoxM1B transgene protein was translocated to
the nucleus at early time points following PHx. WT
and TTR-FoxM1B TG mice were subjected to PHx,
sacrificed at 15 min (resected and remnant liver) and
at 1, 2, 4, 6, and 8 h following PHx, and regenerating
liver tissue was harvested. Regenerating liver was
used to either prepare nuclear protein extracts for
Western Blot analysis (33) or paraffin embedded and
sectioned for immunohistochemical staining to deter-
mine FoxMI1B nuclear levels with an N-terminal
FoxM1B antibody (57,58). Surprisingly, immunohis-
tochemical staining with a FoxM1B antibody showed
rapid hepatocyte nuclear translocation of FoxMI1B
transgene protein within 15 min after beginning PHx
(Fig. 1B), whereas FoxM1B protein was cytoplasmic
in quiescent hepatocytes without surgery (Fig. 1A).

WANG ET AL.

In contrast, only low levels of hepatocyte FoxM1B
nuclear staining were found immediately following
PHx in WT liver (Fig. 1C-D), but this FoxM1B
staining rapidly disappeared within 1 h following
PHx (Fig. 2A, F). Furthermore, hepatocyte nuclear
staining of the FoxM1B transgene protein persisted
for the first 6 h after PHx and significantly dimin-
ished by 8 h postsurgery (Fig. 2B—E). In contrast,
nuclear staining was undetectable in regenerating WT
hepatocytes between 1 and 8 h following PHx (Fig.
2F-J).

To measure FoxM1B nuclear protein, we used
Western blot analysis with nuclear extracts prepared
from regenerating liver and an N-terminal-specific
FoxMI1B antibody as described in Materials and
Methods. This Western blot analysis demonstrated
increased nuclear levels of the FoxMI1B protein in
either resected (Res) or remnant (Rem) TTR-
FoxM1B TG liver compared with resected WT liver

Figure 1. Rapid nuclear localization of FoxM1B transgene protein in regenerating transgenic hepatocytes immediately following partial
hepatectomy. Eight-week-old wild-type (WT) and TTR-FoxM1B transgenic (TG) CD1 mice were subjected to two thirds partial hepatectomy
(PHx) and regenerating livers were harvested 15 min after beginning the PHx surgery (B and D) or without surgery (control, A and C).
Paraffin embedded liver sections were used for immunohistochemical staining with affinity-purified antibody specific for FoxM1B as de-
scribed previously (48,49). Shown is regenerating or hepatocyte staining of FoxM1B protein in liver sections from either TG (A, B) or WT

(C, D) mice. Original magnification 400x.
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Figure 2. Nuclear translocation of the FoxM1B transgene protein within the first 6 h following partial hepatectomy. Eight-week-old WT
(F-J) and TG (A-E) CDI1 mice were subjected to two thirds partial hepatectomy (PHx) and regenerating livers were harvested at either 1,
2,4, 6, or 8 h following PHx and used for immunohistochemical staining with affinity-purified FoxM1B-specific antibody (48,49). Original
magnification 200X.
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Figure 3. Nuclear FoxM1B transgene protein levels are increased in regenerating liver. Nuclear extracts were prepared from regenerating
liver tissue 15 min after PHx, sham-operated (Sh), or regenerating wild-type (WT) and transgenic (TG) liver at the indicated times following
PHX, as described previously (33). Lanes marked Res (resected) were nuclear extracts prepared from the liver tissue removed during partial
hepatectomy (PHx). Lanes marked Rem (remnant) were nuclear extracts prepared immediately after PHx from the remaining liver tissue.
Nuclear protein extracts from regenerating WT liver at 32 h following PHx and duplicate regenerating TG liver at 28 h after PHx were
included for comparison. Liver nuclear extract (200 pg) was analyzed by Western blot analysis with polyclonal antibodies against either
FoxMIB or Cdk2 (loading control). (A) FoxM1B Western blot analysis of regenerating liver nuclear extracts from WT and TG mice
immediately after PHx. (B) Western blot analysis of nuclear extracts prepared from regenerating TG liver prepared from two distinct mice

(1, 2, 4, or 8 h following PHx) with FoxM1B antibody.

immediately following PHx (Fig. 3A). Furthermore,
TG liver expressed the largest amount of nuclear
FoxM1B protein within 15 min following PHx com-
pared with regenerating TG and WT liver at 28 and
32 h following PHx (Fig. 3A). Western Blot analysis
with nuclear extracts prepared from regenerating TG
liver demonstrated abundant levels of FoxM1B trans-
gene protein at 1, 2, and 4 h after PHx (Fig. 3B).
Consistent with diminished nuclear staining of
FoxM1B at 8 h following PHx (Fig. 2E), expression
of nuclear FoxM1B protein was significantly dimin-
ished by the 8-h time point (Fig. 3B). These studies
demonstrated that only regenerating TG liver dis-
played significant nuclear levels of the FoxM1B pro-
tein and that these levels persisted throughout the ini-
tial 6 h following PHx.

Acute Phase Response Induces Nuclear
Translocation of the FoxM1B Transgene Protein

The initial stages of liver regeneration are domi-
nated by an acute phase response, which involves the
release of the cytokines tumor necrosis factor-o
(TNF-av), interleukin 6 (IL-6), and IL-1, which are
critical for priming hepatocytes to respond to mito-
genic signaling (11,51,53-55). We therefore exam-
ined whether induction of the hepatic acute phase re-
sponse caused hepatocyte nuclear translocation of the

FoxM1B transgene protein. Bacterial LPS bind to the
LPS receptor on macrophages and induce secretion
of TNF-a that subsequently stimulates synthesis and
secretion of IL-6 and IL-1 cytokines, which bind to
their cognate hepatocyte receptors, causing changes
in expression of hepatic transcription factors and
acute phase response genes (36). Furthermore, LPS
treatment has been shown to augment hepatocyte
growth factor (HGF)-mediated stimulation of hepato-
cyte proliferation through activation of the immediate
early AP-1 (c-Jun and c-Fos) transcription factors
(17). To induce the acute phase response, both TG
and WT mice were subjected to IP injections of LPS,
mice were sacrificed at either 1 or 2 h after LPS in-
jection, and their livers were isolated as described
previously (38). These livers were used to either pre-
pare nuclear extracts for Western blot analysis or pro-
cessed for immunohistochemical staining to determine
FoxMI1B nuclear levels with a FoxM1B antibody. Ap-
proximately half of the TG hepatocytes displayed nu-
clear staining of the FoxMIB transgene protein
within 1 h of LPS injection (Fig. 4A). By 2 h follow-
ing LPS injection, nearly all of the TG hepatocytes
exhibited nuclear FoxM 1B staining (Fig. 4B). In con-
trast, no detectable FoxM1B nuclear staining was
found in WT liver following LPS treatment (Fig. 4C—
D). Although nuclear FoxM1B protein was detected
by immunohistochemical staining in a subset of TG



FOXMI1B INCREASES REGENERATING HEPATOCYTE SIZE 155

G wT FoxM1B TG

Hrs after LPS 0 1 2 0 1 2

FoxM1iB - e 4

CAdK2 ew o» G b e» o o9 e G a9 @ = <

Figure 4. Increased hepatocyte nuclear staining of the FoxM1B transgene protein during the hepatic acute phase response. Eight-week-old
WT (B, E, F) and TG (A, C, D) CDI mice were subjected to lipopolysaccharide (LPS) injection and livers were harvested at either 0
(control; A, B), 1 h (C, E), or 2 h (D, F) following LPS treatment and used for immunohistochemical staining with affinity-purified FoxM1B
antibody (48,49). (G) Western blot analysis of nuclear extracts prepared from WT and TG liver following LPS treatment with FoxM1B
antibody. Nuclear extracts were prepared from WT and TG liver isolated at either 0, 1, or 2 h following LPS treatment and used for Western
blot analysis with either FoxM1B or Cdk2 (loading control) specific antibodies. The numbers above the panels refer to the hours following
LPS treatment. Original magnification 200x.
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Figure 5. Transient increase in regenerating transgenic hepatocyte size. Eight-week-old WT (F-J) and TG (A-E) CD1 mice were subjected
to PHx, and regenerating livers were harvested at either 0, 1, 2, 4, 6, or 8 h following PHx and then stained with hematoxylin and eosin
(H&E) to visualize hepatocyte nuclei. Note that TG hepatocytes display an increase in size between 1 and 6 h following PHx. Original
magnification 200x.
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Figure 6. Quantitation of the increase in regenerating transgenic hepatocyte size. We counted and calculated the mean number of hepatocyte
nuclei (£SD) per 200x in hematoxylin and eosin (H&E)-stained regenerating WT and TG liver section fields (five separate 200X fields from
two distinct regenerating livers). Note that increase in regenerating hepatocyte size is indicated by a decrease in the number of hepatocyte

nuclei per 200x field.

hepatocytes at 1 h following LPS injection, Western
blot analysis was only sensitive enough to detect nu-
clear FoxM1B transgene protein by 2 h following
LPS treatment (Fig. 4E). These studies suggest that
acute phase cytokines are sufficient to mediate nu-
clear translocation of the FoxM1B transgene protein,
but only minimal WT hepatocyte expression of nu-
clear Foxm1b protein was found in response to LPS
administration.

Hepatocyte Nuclear Staining of the FoxM 1B
Transgene Protein Is Associated With Increase
in Regenerating Hepatocyte Size

Hematoxylin and eosin (H&E) staining of regener-
ating liver sections from TG and WT mice revealed
an increase in regenerating TG hepatocytes size (Fig.
5A-F) compared with regenerating WT hepatocytes
(Fig. 5G-L). To quantitate this increase in size, we
counted the number of hepatocyte nuclei per 200x
field from H&E-stained WT and TG regenerating
liver sections and plotted these data for each of the
time points following PHx (Fig. 6). By 1 h following
PHx, TG hepatocytes displayed an increase in hepa-
tocyte size as evidenced by a decrease in the number
of hepatocyte nuclei per field (Fig. 6). These results
suggested that nuclear translocation of FoxM1B pro-
tein was mediating an increase in hepatocyte size.
This increase in TG hepatocyte size continued until
6 h following PHx, and the greatest size difference
between WT and TG hepatocytes was observed at 4
h after surgery (Fig. 6). Interestingly, hepatocyte size
began to decrease at 8 h following PHx (Fig. 6),

which coincided with our inability to detect FoxM1B
nuclear levels (Fig. 2). These results suggested that
the transient nuclear localization of the FoxMIB
transgene protein is associated with increase in regen-
erating TG hepatocyte size during the immediate
early period of hepatocyte proliferation.

Regenerating TG Liver Displayed
no Changes in Expression of Proteins
Known to Increase Cell Size

Total RNA and protein extracts were prepared
from regenerating WT and TTR-FoxM1B TG livers
at 4 h following PHx because this was the time point
at which we observed the maximal size difference
between regenerating WT and TG hepatocytes (Figs.
5 and 6). We used these hepatic RNA samples and
protein extracts to examine for expression of genes
or proteins that are known to regulate cell size. Pub-
lished reports describe a rapid increase in SGK ex-
pression, which stimulates activity of several potas-
sium/chloride ion channels critical for rapid increase
of cell size (4,5,26,45,50). RNase protection assays
demonstrated that regenerating liver displayed an in-
crease in Akt-related SGK expression, but no signifi-
cant difference was found in SGK levels between WT
and TG liver at 4 h following PHx (Fig. 7A). Because
in vivo adenovirus-mediated delivery of c-myc to
mouse liver caused a rapid increase in hepatocyte size
(24), we used RPA to determine that c-Myc mRNA
levels were unchanged in regenerating TG liver com-
pared with regenerating WT liver (Fig. 7A). In-
creased phosphatidylinositol 3’-kinase (PI3K) signal-
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Figure 7. Regenerating transgenic liver displayed no changes in expression of proteins known to increase cell size. (A) Total liver RNA
was isolated from two WT or TG mice at 4 h following PHx or prior to PHx and used for RNase protection assays to measure mRNA
levels for serum-and-gucocorticoid-inducible protein kinase (SGK), c-myc, and cyclophilin as described in Materials and Methods. (B) Total
protein extracts from regenerating TTR-FoxM1B TG liver displayed no changes in Akt, Pten, or PMP70 protein levels. Total protein extracts
were prepared from regenerating WT and TG liver isolated at the indicated times following PHx and used for Western blot analysis with
antibody specific to phosphoserine 473, whose phosphorylation is required to stimulate Akt kinase activity. The same Western blot was
stripped and then reacted with antibody specific to either Akt, activated phosphorylated PTEN (s380), or peroxisomal membrane protein 70

(PMP 70).

ing activates protein kinase B/Akt protein, which has
been implicated in mediating an increase in cell size
(8,14,41,44). We therefore performed Western blot
analysis with total protein extracts from regenerating
liver and either an antibody that recognizes the Akt
protein or an antibody specific to the Akt residues sur-
rounding phosphoserine 473, which is phosphorylated
during activation of the Akt kinase. This Western blot
analysis demonstrated that neither Akt protein levels
nor Akt activity were altered in regenerating TTR-
FoxM1B TG liver. Diminished expression of the tu-
mor suppressor gene PTEN, which negatively regu-

lates the PI3K pathway and inhibits activation of Akt,
has been shown to increase size (2,3,10,18,28,52).
Furthermore, stimulation of hepatocyte peroxisome
proliferation is known to increase hepatocyte size
(19,37). Western blot analysis demonstrated that nei-
ther Pten nor peroxisomal membrane protein 70
(PMP 70) levels were altered in regenerating TG liv-
ers. These liver regeneration studies demonstrate that
nuclear hepatocyte translocation of the FoxMI1B
transgene protein persisted for the first 6 h following
PHx and that this was associated with a transient in-
crease in size of regenerating TG hepatocytes. Our
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TABLE 1
CHANGES IN EXPRESSION OF REGENERATING TG LIVER GENES INVOLVED IN PROLIFERATION
TG/WT
Fold
Gene Name Genbank Induction
Immediate early transcription factors and proteases
ID-3; inhibitor of basic helix—loop—helix (b HLH) dimerization 3 M60523 7.0
Stat3; signal transducer and activator of transcription 3 U06922 4.0
Nur77; immediate early response nuclear hormone receptor Jo4113 4.0
MMP-9; matrix metalloproteinase-9 X72795 4.0
Glutathione S-transferase and stress response
GST A; glutathione S-transferase A J03958 7.1
Microsomal GST1 J03752 5.8
GST M5-5; GST mu J04696 6.8
GST theta 1 X98055 3.8
HSP60; heat shock protein 60-kDa mitochondrial matrix protein P1 X53584 7.0
HO-2; heme oxygenase 2 AF029874 7.0
ERp72; endoplasmic reticulum stress protein JO5186 4.6

Radioactive cDNA probes were made to RNA prepared from regenerating wild-type (WT) liver and
transthyretin (TTR) FoxM1B transgenic (TG) liver at 4 h after partial hepatectomy (PHx). Each of
these cDNA probes was separately hybridized to the Mouse Atlas 1.2 cDNA Expression Array
Blots (Clontech), rinsed, and then exposed for phosphorimager analysis. Gene expression levels were
determined by using AtlasImage program version 1.5 (Clontech) following normalization to 40S
ribosomal protein S29 (L31609) and cytoplasmic B-actin levels (M12481) and expressed as fold
induction of gene levels in regenerating TTR-FoxM1B TG liver compared with regenerating WT

liver.

data suggest that nuclear expression of the FoxM1B
transgene protein mediated increase in size of TG he-
patocytes through pathways other than SGK, PI3K/
Akt, c-Myc, or peroxisome proliferation.

Analysis of cDNA Arrays Revealed Increased
Expression of Immediate Early Transcription
Factors, GST, and Oxidative Stress Genes

in Regenerating TG Liver

To identify genes whose expression is altered in
regenerating TTR-FoxM1B TG liver at 4 h following
PHx, we performed gene expression analysis using
Clontech Mouse Atlas 1.2 cDNA Expression Array
analysis (Table 1). Radioactive cDNA probes were
made to RNA prepared from two distinct regenerat-
ing livers isolated from either WT or TTR-FoxM1B
TG mice at 4 h after PHx. These probes hybridized
to the Mouse Atlas 1.2 cDNA Expression Array Blots
(Clontech) as described in Materials and Methods.
Gene expression levels were determined using Atlas-
Image program version 1.5 (Clontech) and expressed
as fold induction levels of TG versus WT regenerat-
ing liver as described in Materials and Methods. This
cDNA expression array analysis (Table 1) demon-
strated that regenerating TTR-FoxM1B TG livers dis-
played increased expression of several immediate early
transcription factor genes (ID3, Stat3, Nur77; Table
1), which are required to mediate hepatocyte prolifer-
ation during liver regeneration (29,40) and the MMP-

9 gene, which functions to proteolytically activate
growth factors during liver regeneration (25). We
also found an increase in hepatic expression of GST
isoforms and stress response genes, which are likely
to be critical to prevention of oxidative stress during
hepatocyte DNA replication in regenerating liver.
These studies demonstrate that hepatocyte nuclear
translocation of the FoxM1B transgene protein was
associated with transient TG hepatocyte hypertrophy
and increased expression of genes that may enhance
hepatocyte proliferation.

Significance of Rapid Nuclear Translocation
of FoxM1B Transgene in Regenerating Liver

In this study, we showed that the transient nuclear
localization of the FoxM1B transgene protein in he-
patocytes during the immediate early period follow-
ing PHx is associated with a transient increase in
regenerating TG hepatocyte size. Hepatocyte hyper-
trophy plays an important role in restoring liver mass
and function during liver regeneration following PHx
(34). Furthermore, swelling of primary rat hepato-
cytes causes the activation of signal transducers and
activators of transcription 1 and Stat3 proteins (31),
the latter of which is an immediate early transcription
factor that is critical for regenerating hepatocyte
DNA replication (29). Consistent with this finding,
regenerating TTR-FoxM1B TG livers exhibited in-
creased expression of Stat3 mRNA, suggesting that
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hepatocyte hypertrophy may participate in priming
cellular proliferation through stimulating immediate
early transcription factors such as the Stat3 protein.
Furthermore, we found that expression of the nuclear
receptor Nur77, which is known to be induced as an
immediately early gene during liver regeneration
(40), was elevated in regenerating TTR-FoxM1B TG
liver as was ID3, which is known to stimulate cellular
proliferation (1). Moreover, ectopic expression of the
c-Myc transgene protein is known to stimulate earlier
onset of hepatocyte DNA replication during liver re-
generation (15) and in vivo adenovirus-mediated he-
patic delivery of the c-Myc protein caused hepatocyte
hypertrophy (24). These results suggested that hepa-
tocyte hypertrophy precedes hepatocyte DNA repli-
cation and is required to stimulate hepatocyte entry
into S-phase. Based on the above studies, we specu-
late that premature hepatocyte nuclear localization of
the FoxM1B transgene protein immediately follow-
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ing PHx mediates increase in hepatocyte size, which
may enhance activation of immediate early transcrip-
tion factors. This induction of immediate early tran-
scription factors may in turn play a role in priming
TTR-FoxM1B TG hepatocytes for earlier entry into
S-phase following liver injury (57). Furthermore,
FoxM1B transgene protein-mediated hepatocyte hy-
pertrophy may also play a role in compensation for
the loss of liver mass immediately following surgery
(this study) or at later times following PHx (16 h
post-PHx), when the FoxM1B transgene protein reen-
ters the nucleus (57).
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