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The present study investigated the involvement of signaling of pho-
sphatase and tensin homolog deleted on chromosome 10 (PTEN)/
protein kinase B (Akt) and transforming growth factor-b (TGFb) as
well as receptor tyrosine kinases in the tumor promotion processes in
a two-stage hepatocarcinogenesis model using male F344 rats. The
cellular localization of related molecules was examined in liver cell
foci expressing glutathione S-transferase placental form (GST-P) at
the early stage of tumor promotion by fenbendazole (FB), piperonyl
butoxide, or thioacetamide. Distribution in the liver cell foci and
neoplastic lesions positive for GST-P was also examined at the later
stage of FB promotion. In contrast to the initiation-alone cases,
subpopulations of GST-P-positive foci induced by promotion for 6 weeks,
regardless of the promoting chemicals used, enhanced down-regulation
of PTEN and up-regulation of phosphorylated (active) Akt2 and
phosphorylated substrate(s) of Akt-kinase activity. Also, up-regulation
of TGFb receptor I and down-regulation of epidermal growth factor
receptor (EGFR) were enhanced in the subpopulation of GST-P-positive
foci in all promoted cases. A similar pattern of cellular distribution of
these molecules was also observed in the neoplastic lesions at the
late stage. These results suggest a crosstalk between Akt2 and
TGFb signaling that involves a mechanism requiring EGFR down-
regulation during the entire tumor promotion process starting from
the early stage. In particular, a shift in subcellular localization of
phosphorylated substrate(s) of Akt from the cell membrane in liver
cell foci to the cytoplasm in carcinomas was observed, suggesting an
alteration of the function or activity of the corresponding molecule(s).
(Cancer Sci 2009; 100: 813–820)

In a rat two-stage hepatocarcinogenesis model, altered liver cell
foci immunoreactive for glutathiuone S-transferase placental

form (GST-P) have been shown to increase in number and area
because of tumor promotion with hepatocarcinogens, in accordance
with the hepatocarcinogenic potential; therefore, these foci
have been confirmed as preneoplastic lesions of liver cells.(1,2)

However, only a few studies have examined the roles of cellular
signaling and molecular linkage in the growth and development of
the liver cell foci.(3–6)

Akt is a serine/threonine kinase that is a central regulator of
widely divergent cellular processes, including proliferation,
differentiation, migration, survival, and metabolism.(7) Akt is
activated by a variety of stimuli, through growth factor receptors,
in a phosphatidylinositol 3-kinase (PI3K)-dependent manner,
and it is also negatively regulated by the tumor suppressor
phosphatase and tensin homolog deleted on chromosome 10
(PTEN).(8) A disruption of normal Akt/PTEN signaling frequently
occurs in many human cancers, and thus these molecules play an
important role in cancer development, progression, and therapeutic

resistance.(9,10) To date, three members of the Akt family have
been identified in mammals: Akt1, Akt2, and Akt3.(11) All three
are ubiquitously expressed in all cell types and tissues, although
Akt3 has a more restricted expression pattern. In rat hepatocar-
cinogenesis, there is a subpopulation of GST-P-positive liver cell
foci exhibiting increased expression of PTEN and decreased
expression of the phosphorylated (activated) form of Akt (phospho-
Akt), as well as high levels of ceramide species that are sensitive
to sphingomyelin as a chemopreventive target.(12) On the other
hand, in a two-stage hepatocarcinogenesis model, we recently
obtained a contradictory result showing a lack of PTEN expression
in a majority of GST-P-positive foci induced by promotion with
phenob-arbito (PB) or fenben-dazole (FB), in contrast to the
constitutive expression of PTEN in surrounding hepatocytes.(13)

This result suggests a decrease in the tumor suppressor function
of PTEN by down-regulation even during the early stage of
hepatocarcinogenesis.

In the above-mentioned study, we also found that transforming
growth factor-β receptor I (TGFβRI) was coexpressed with GST-P
in liver cell foci induced by promotion with PB or FB.(13) Growth
factor signaling through the activation of receptor tyrosine kinase
(RTK) is crucial for regulation of PI3K/Akt signaling.(14) Inter-
estingly, TGFβ is able to activate PI3K/Akt in fetal hepatocytes
by a mechanism dependent on activities of the erbB family RTK,
epidermal growth factor receptor (EGFR), and c-Src.(15)

Here, to clarify the involvement of Akt/PTEN signaling during
the early stage of hepatocarcinogenesis, we further examined the
cellular distribution of molecules related to PTEN/Akt signaling
in preneoplastic lesions induced by 6 weeks of tumor promotion.
For this purpose, three non-genotoxic hepatocarcinogens, i.e. FB,
piperonyl butoxide (PBO), and thioacetamide (TAA), were used as
tumor-promoting chemicals. We also examined immunolocalization
of TGFβRI, as well as RTKs such as erbB family proteins, in
these preneoplastic lesions. Moreover, immunolocalization of
representative molecules were further examined in proliferative
lesions developed after 57 weeks of promotion with FB to pursue
involvement during the later stage of tumor promotion.
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Materials and Methods

Chemicals. FB (CAS no. 43210-67-9) and N-diethylnitrosamine
(DEN) (CAS no. 55-18-5) were purchased from Sigma-Aldrich
Japan (Tokyo, Japan). PBO (CAS no. 51-03-6) was obtained from
Nagase & Co. (Osaka, Japan), and TAA (CAS no. 62-55-5) was
obtained from Wako Pure Chemicals Industries (Osaka, Japan).

Animal experiments. For analysis during the early stage of tumor
promotion, 30 5-week-old male F344/NS1c rats were purchased
from Japan SLC (Hamamatsu, Japan) and acclimatized on pow-
dered basal diet (Oriental Yeast Co., Tokyo, Japan) and tap water
ad libitum for 1 week. They were housed in stainless-steel cages
in a barrier-maintained animal room on a 12-h light–dark cycle and
conditioned at 23 ± 2°C with a relative humidity of 55 ± 15%.

At 6 weeks of age, animals were subjected to two-stage hepato-
carcinogenesis using a medium-term liver bioassay.(1,2) All animals
were initiated with a single intraperitoneal injection of DEN
(200 mg/kg, dissolved in saline). Two weeks later, animals were
divided into four groups and were fed basal diet (DEN-alone) or
diet containing either FB at 3600 p.p.m. (DEN + FB), PBO at
20 000 p.p.m. (DEN + PBO), or TAA at 400 p.p.m. (DEN + TAA).
The animals were subjected to two-thirds partial hepatectomy at
week 3. At week 8, the animals were killed under deep ether anes-
thesia by exsanguinations from the abdominal aorta, and their
livers were immediately removed and weighed. The liver slices
were fixed in phosphate-buffered 4% paraformaldehyde solution
(pH 7.4) for 2 days and processed for histopathological examina-
tions. Small portions of liver tissues, approximately 100 mg, were
excised, quickly frozen in liquid nitrogen, and stored at –80°C.
The selected doses of FB, PBO, and TAA have been reported
to show tumor-promoting activity or carcinogenic activity.(16–18)

To investigate the cellular distribution of molecules in neoplas-
tic lesions during the late stage of tumor promotion, 35 F344/
DuCrj rats (Charles River Japan, Yokohama, Japan) were promoted
with FB at 3600 p.p.m. in the diet for 57 weeks.(13) The livers of
surviving animals were removed, and the liver slices containing
gross neoplastic lesions were processed for histopathological
examination as described previously.

The animal protocols were reviewed and approved by the
Animal Care and Use Committee of the Tokyo University of Agri-
culture and Technology (short-term study of 6-week promotion)
and the National Institute of Health Sciences, Japan (long-term
study of 57-week promotion).

Immunohistochemistry. Paraffin-embedded liver sections were
subjected to immunohistochemistry using the horseradish peroxi-
dase avidin–biotin complex method utilizing a VECTASTAIN Elite
ABC Kit (Vector Laboratories, Burlingame, CA, USA) with 3,3′-
diaminobenzidine/H2O2 as the chromogen. Rabbit polyclonal Ab
against GST-P (1:1000; MBL, Nagoya, Japan) was used for all cases
obtained at both 6 and 57 weeks of tumor promotion. In the livers
after 6 weeks of promotion, serial sections were subjected to
immunohistochemistry for EGFR (mouse monoclonal Ab, clone
6F1, 1:10; MBL), c-erbB2 (mouse monoclonal Ab, clone SPM495,
1:50; Thermo Fisher Scientific, Fremont, CA, USA), TGFβRI
(rabbit polyclonal Ab, 1:50; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), insulin-like growth factor-I receptor β (IGF-IRβ) (rabbit
polyclonal Ab, 1:150; Cell Signaling Technology, Danvers, MA,
USA), PTEN (rabbit monoclonal Ab, clone 138G6, 1:100; Cell
Signaling Technology), phosphorylated form of PTEN (phospho-
PTEN; rabbit polyclonal Ab, 1:100; Cell Signaling Technology),
Akt1 (mouse monoclonal Ab, clone 2H10, 1:50, Cell Signaling
Technology), Akt2 (rabbit monoclonal Ab, clone 54G8, 1:150,
Cell Signaling Technology), Akt3 (rabbit polyclonal Ab, 1:25,
Cell Signaling Technology), phospho-Akt at the position of
Ser473 (rabbit monoclonal Ab, clone 193H12, 1:50; Cell Signaling
Technology), phospho-Akt2 (rabbit polyclonal Ab, 1:100; Abcam,
Cambridge, UK), phospho-(Ser/Thr) Akt substrate detecting
phosphorylated Akt substrate peptides (rabbit polyclonal Ab,

1:250; Cell Signaling Technology), 14-3-3 (rabbit polyclonal Ab,
1:40; Abcam), growth factor receptor bound protein 10 (Grb10)
(rabbit polyclonal Ab, A-18, 1:20; Santa Cruz Biotechnology),
Raf-1 (rabbit polyclonal Ab, 1:50; Abcam) or Synip (rabbit
monoclonal Ab, clone EP302Y, 1:250; Epitomics, Burlingame, CA,
USA). Phospho-PTEN is an inactive form of PTEN, and phospho-
Akt and phospho-Akt2 are the active forms of Akt and Akt2,
respectively. Because of the immunoreactivity of phospho-Akt
substrate(s) on the cell surface of GST-P-positive liver cell foci,
14-3-3, Grb10, Raf-1, and Synip were selected as candidate substrates
for Akt-kinase activity that can localize to cellular membrane.(19–25)

For cases after 57 weeks of tumor promotion with FB, 10 slices that
included tumor nodules were selected (one slice/animal), and serial
sections were subjected to immunohistochemistry for Akt1, Akt2,
Akt3, phospho-Akt, phospho-Akt2, phospho-Akt substrate, 14-3-3,
Grb10, TGFβRI, EGFR, c-erbB2, and IGF-IRβ.

For antigen retrieval, the sections were heated to 120°C in
10 mM citrate buffer (pH 6.0) by autoclaving for 10 min before
incubation with each antibody.

Analysis of immunolocalization. The number and areas of GST-
P-positive foci larger than 0.2 mm in diameter and the total
areas of liver sections at week 6 of tumor promotion were mea-
sured using the WinROOF image analysis software package
(version 5.7; Mitani Corp., Fukui, Japan), and then the number
and areas of foci per unit area (cm2) of liver section were calcu-
lated. For evaluation of the expression of EGFR, TGFβRI, PTEN,
phospho-PTEN, phospho-Akt2, 14-3-3, and Grb10, immunorea-
ctivity was classified as increased, unchanged, or decreased in
the GST-P-positive foci as compared with the expression levels
of surrounding liver cells. For this evaluation, up to 50 GST-P-
positive foci were randomly selected per animal. For the study
of proliferative lesions generated after promotion with FB for 57
weeks, liver cell foci, adenomas and carcinomas in 10 animals
showing immunoreactivity with GST-P were examined by evalua-
tion of immunoreactivity similarly to that of GST-P-positive foci
at week 6 of promotion.

Expression analysis of polypeptide signals. Western blotting was
performed with liver tissues at 6 weeks of tumor promotion (N = 2/
group). With the same antibody used for immunohistochemistry,
polypeptide signal levels of GST-P, phospho-Akt2, phospho-Akt
substrate, or TGFβRI were examined utilizing chemiluminescent
reaction with ECL Plus Western Blotting Detection Reagents (GE
Healthcare UK, Little Chalfont, UK). Tissue extraction and estima-
tion of protein concentration were performed according to the
methods described previously,(26) and 10 μg of tissue extract
was applied to 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). Resolved polypeptides were then trans-
ferred to a polyvinylidine difluoride membrane (Millipore, Billerica,
MA, USA). Dilutions of applied Ab were 1:1000 for GST-P,
phospho-Akt2, and phospho-Akt substrate, and 1:200 for TGFβRI.
Goat antirabbit IgG-HRP (1:5000; Santa Cruz Biotechnology) was
used as a secondary antibody. After signal detection of each
molecule, membranes were reprobed with actin (1:200; Sigma, St.
Louis, MO, USA) as a control for sample loading. Because GST-P
is known to be expressed, cell lysate from a rat hepatoma cell
line, H-4-II-E, was also included in the expression analysis.(27)

Signal level was estimated by measuring band intensity with the
WinROOF image analysis software package.

Statistical analysis. Variance in data for the numbers and areas
of GST-P-positive foci were checked for homogeneity using Bart-
lett’s procedure. If the variance was homogenous, the data were
assessed by one-way anova. If not, the Kruskal–Wallis test was
applied. When statistically significant differences were indicated,
Dunnett’s multiple comparison test was employed for comparison
with the DEN-alone group. Concordance ratios of the immuno-
reactive or immunonegative foci for molecules of interest with
GST-P-positive foci were analyzed by χ2-test for comparison
between the DEN-alone group and each treatment group.
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Results

Immunolocalization during the early stage of tumor promotion.
At week 6 of tumor promotion with FB or TAA, both the number
and area of GST-P-positive liver cell foci were significantly
increased compared with those in the DEN-alone group (Table 1).
Although statistically non-significant, the number and area of GST-
P-positive foci were also increased by promotion with PBO.

Liver cells without GST-P-positive foci were diffusely immu-
noreactive with PTEN and its phosphorylated form in all groups,
including the DEN-alone group. With regard to immunolocaliza-
tion in association with GST-P-positive foci, a small population
of GST-P-positive foci showed decreased PTEN expression, form-
ing PTEN-negative foci, in the DEN-alone group. On the other
hand, GST-P-positive foci induced by promotion with FB, PBO, or
TAA also formed PTEN-negative foci with a significantly increased
concordance ratio in GST-P-positive foci compared with the DEN-
alone group; FB promotion attained the highest ratio (Fig. 1a).
Similarly, phosphorylated PTEN also showed significantly
decreased expression in GST-P-positive foci in proportion with the

magnitude of the promotion by each chemical compared with
the DEN-alone group (Fig. 1b).

Akt1, Akt2, and Akt3, as well as phospho-Akt (Ser473), did
not show specific immunolocalization in the liver in any group.
On the other hand, as with weak and diffuse immunoreactivity
in the liver cells not forming cellular foci, enhanced expression
of phospho-Akt2, forming phospho-Akt2-positive foci, was
observed in a subpopulation of GST-P-positive foci in the livers
of rats treated with DEN-alone (Fig. 2a). Co-expression with GST-
P-positive foci was increased by promotion with FB, PBO, and
TAA, with a statistically significant concordance ratio in GST-
P-positive foci compared with the DEN-alone group; FB promotion
attained the highest ratio (Fig. 2a).

Most foci positive for phospho-Akt2 were negative for
PTEN. Figure 3 shows concordance ratios of phospho-Akt2-
immunoreactivity in PTEN-negative foci in each group. All of the
tumor-promoted groups showed approximately 50% of concord-
ance ratios. While DEN-alone group showed slightly low con-
cordance ratio (33%), there was no statistical significance between
the DEN-alone and tumor-promoted groups.

Molecule(s) immunoreacted with antiphospho-(Ser/Thr) Akt
substrate antibody showed specific localization to the cellular
membrane in accordance with GST-P-positive foci (Fig. 2b).
The concordance ratio for GST-P-positive foci was significantly
increased by promotion with FB, PBO, or TAA compared with
that in the unpromoted cases (DEN-alone), showing a similar
magnitude among chemicals (Fig. 2b). Most foci positive for
phospho-Akt substrate were negative for PTEN. Nuclear immu-
noreactivity was also diffusely observed in liver cells without
relation to GST-P-positive foci.

Among known Akt substrates, Raf1 and Synip did not show any
specific immunolocalization in association with GST-P-positive
foci. On the other hand, 14-3-3 was weakly positive in liver cells
not forming altered foci, and enhanced expression was observed
in the small population of GST-P-positive foci in the DEN-alone
and PBO-promoted groups, showing a diffuse cytoplasmic expres-
sion pattern with scattered nuclear immunoreactivity. The concord-
ance ratio with GST-P-positive foci between the two groups did
not differ statistically (Fig. 2c). Grb10 also coexpressed in a small

Table 1. Quantitative data for GST-P-positive liver cell foci after promo-
tion with FB, PBO, or TAA for 6 weeks

Group
No. of 

animals 
examined

GST-P-positive foci

Number 
(No./cm2)

Area 
(mm2/cm2)

DEN-alone 4 3.17 ± 1.05† 0.38 ± 0.14
DEN + FB 3600 p.p.m. 8 28.35 ± 9.43* 8.41 ± 4.46*
DEN + PBO 20 000 p.p.m. 9 13.60 ± 7.11 2.30 ± 1.83
DEN + TAA 400 p.p.m. 9 58.34 ± 9.57** 22.96 ± 5.39**

†Mean ± SD.
*, **: P < 0.05, P < 0.01 versus DEN-alone (Dunnett’s test or Dunnett-
type rank-sum test).
DEN, N-diethylnitrosamine; FB, fenbendazole; GST-P, glutathione 
S-transferase placental form; PBO, piperonyl butoxide; TAA, 
thioacetamide.

Fig. 1. Immunohistochemical localization of pho-
sphatase and tensin homolog deleted on chromo-
some 10 (PTEN) and phospho-PTEN in association
with glutathione S-transferase placental form (GST-
P)-positive liver cell foci after promotion for 6
weeks. (a) Lack of PTEN expression (right) in a GST-
P-positive focus (left) in the liver of a rat promoted
with 3600 p.p.m. fenbendazole (FB) after N-
diethylnitrosamine (DEN) initiation. Bar = 500 μm.
The graph shows concordance ratios (%) of PTEN
negativity with GST-P-positive foci generated after
promotion with FB, piperonyl butoxide (PBO), or
thioacetamide (TAA). *, **: P < 0.05, 0.01 versus
DEN-alone group (χ2-test). (b) Lack of phospho-
PTEN expression (right) in a GST-P-positive focus
(left) in the liver of a rat promoted with 3600 p.p.m.
FB after DEN initiation. Bar = 500 μm. The graph
shows concordance ratios (%) of phospho-PTEN
negativity with GST-P-positive foci generated after
promotion with FB, PBO, or TAA. *, **: P < 0.05,
0.01 versus DEN-alone group (χ2-test).
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population of GST-P-positive foci only in the PBO-promoted group,
with a mainly cytoplasmic expression pattern and a statistically
significant difference from the DEN-alone group (Fig. 2d).

TGFβRI showed diffuse but weak immunoreactivity in the
liver cells not forming cellular foci in all groups, including the

DEN-alone group. Populations of GST-P-positive foci in the liv-
ers of rats treated with DEN-alone did not form TGFβRI-positive
foci (Fig. 4a). In contrast, coexpression of TGFβRI in GST-P-posi-
tive foci was apparent after promotion with FB, PBO, and TAA,
with a statistically significant increase in the concordance ratio as
compared with the DEN-alone group. The highest concordance
ratio was attained with FB promotion (Fig. 4a).

Liver cells other than those consisting of GST-P-positive foci
were diffusely immunoreactive with EGFR in all groups, including
the DEN-alone group. With regard to the immunoreactivity in
GST-P-positive foci, a small population showed decreased EGFR
expression, forming EGFR-negative foci, in the DEN-alone group.
On the other hand, EGFR-negative foci induced by promotion with
FB, PBO, or TAA significantly increased the concordance ratio
in GST-P-positive foci as compared with the DEN-alone group;
TAA promotion showed the highest concordance ratio (Fig. 4b).
The receptor molecules c-erbB2 and IGF-IRβ did not show any
specific expression pattern in association with GST-P-positive foci
in any group.

Liver polypeptide signal levels during the early stage of tumor
promotion. Although numbers of animals examined were two
in each group, increased band intensity of polypeptide of
GST-P, phospho-Akt2, and TGFβRI was observed in the liver

Fig. 3. Concordance ratios of phospho-protein kinase B 2 (Akt2) immuno-
reactivity with liver cell foci negative for phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) after promotion for 6 weeks with fen-
bendazole (FB), piperonyl butoxide (PBO), or thioacetamide (TAA).

Fig. 2. Immunohistochemical localization of
phospho-protein kinase B 2 (Akt2), phospho-Akt
substrate, 14-3-3, and Grb10 (growth factor receptor
bound protein 10) in glutathione S-transferase
placental form (GST-P)-positive liver cell foci after
promotion for 6 weeks. (a) Phospho-Akt2 expression
(middle and right) in a GST-P-positive focus (left)
in the liver of a rat promoted with 3600 p.p.m.
fenbendazole (FB) after N-diethylnitrosamine (DEN)
initiation. Note the mostly cytoplasmic expression
with scattered nuclear immunoreactivity of phospho-
Akt2. Bar = 500 μm (left and middle), 100 μm
(right). The graph shows concordance ratios (%) of
phospho-Akt2 immunoreactivity with GST-P-positive
foci generated after promotion with FB, piperonyl
butoxide (PBO), or thioacetamide (TAA). *, **:
P < 0.05, 0.01 versus DEN-alone group (χ2-test). (b)
Immunoreactivity against antiphospho-Akt sub-
strate antibody (middle and right) in a GST-P-
positive focus (left) in the liver of a rat promoted
with 400 p.p.m. TAA after DEN initiation. Note
the predominant membrane immunoreactivity of
phospho-Akt substrate. Bar = 100 μm (left and
middle), 50 μm (right). The graph shows concor-
dance ratios (%) of phospho-Akt substrate immu-
noreactivity with GST-P-positive foci generated
after promotion with FB, PBO, or TAA. *, **:
P < 0.05, 0.01 versus DEN-alone group (χ2-test).
(c) 14-3-3 expression (middle and right) in a GST-
P-positive focus (left) in the liver of a rat promoted
with 20 000 p.p.m. PBO after DEN initiation. Margin
of the focus expressing 14-3-3 is marked with
arrowheads (middle). Note both of the nuclear and
cytoplasmic immunoreactivities of 14-3-3. Bar =
500 μm (left and middle), 100 μm (right). The graph
shows concordance ratios (%) of 14-3-3 immuno-
reactivity with GST-P-positive foci generated after
promotion with FB, PBO, or TAA. (d) Grb10 expres-
sion (middle and right) in a GST-P-positive focus
(left) in the liver of a rat promoted with
20 000 p.p.m. PBO after DEN initiation. The same
focus expressing 14-3-3 as shown in panel (c) is
presented. Note both of the nuclear and cyto-
plasmic immunoreactivities of Grb10. Bar = 500 μm
(left and middle), 100 μm (right). The graph shows
concordance ratios (%) of Grb10 immunoreactivity
with GST-P-positive foci generated after promotion
with FB, PBO, or TAA. *: P < 0.05 versus DEN-alone
group (χ2-test).
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after promotion with FB, PBO, or TAA, except for the reduction
of TGFβRI signal with TAA-promotion (Fig. 5). With regard
to phospho-Akt substrate, a single band migrating approximately
32 kDa could be detected in all groups including DEN-alone group,

and increase of this signal was evident in the liver by promotion
with FB, PBO, or TAA.

Immunolocalization during the late stage of tumor promotion.
Many adenomas and carcinomas were obtained after promotion
by FB for 57 weeks.(13) The adenomas often exhibited eosinophilic
cytoplasm and solid growth, and the carcinomas frequently showed
island and solid growth patterns. Foci observed at the late stage
were mostly eosinophilic, but rarely, basophilic cell types were
found.

All adenomas and carcinomas were positive for GST-P, although
a small subset of foci, such as the basophilic type, appeared nega-
tive. The numbers of liver cell foci, adenomas, and carcinomas
showing GST-P-immunoreactivity and subjected to further immuno-
histochemical analyses were 61, 24, and 9, respectively.

Akt1, Akt2, and Akt3, as well as phospho-Akt (Ser473), did
not show specific immunolocalization in association with GST-
P-positive lesions. On the other hand, localized expression of
phospho-Akt2 was observed in the liver cell foci and neoplastic
lesions, and the concordance ratio of this immunolocalization
with GST-P immunoreactivity was increased in association
with lesion development from foci to carcinomas (Figs 6a,b
and 7). All of the nine carcinomas examined showed positive
immunolocalization of phospho-Akt2.

With regard to the distribution of molecule(s) immunoreacted
with antiphospho-(Ser/Thr) Akt substrate antibody, lesion-specific
immunoreactivity was increased in association with lesion develop-
ment from foci to carcinomas, reflecting the concordance ratio
with GST-P immunoreactivity (Figs 6c,d and 7). Regarding sub-
cellular localization, liver cell foci showed immunolocalization
either at the cell surface membrane or in the cytoplasm. Adenomas
showed three types of localization, i.e. cell membrane alone,
cytoplasm alone, and both membrane and cytoplasm. The ratio
of adenomas showing only cytoplasmic expression was increased
compared with hepatocellular foci. All carcinomas examined
showed a cytoplasmic immunolocalization pattern. Weak nuclear
immunoreactivity was also observed in the liver cells without
showing specific immunolocalization to foci or neoplastic
lesions.

With regard to TGFβRI immunoexpression, the concordance
ratio with GST-P immunoreactivity was rather high in all types of
lesions (Figs 6e and 7). Decreased EGFR expression was observed
in almost all of the GST-P-positive proliferative lesions from foci
to carcinomas (Figs 6f and 7). Other RTKs, c-erbB2, and IGF-IRβ,
as well as 14-3-3 and Grb10, did not show any specific expression
pattern in association with proliferative lesions.

Fig. 4. Immunohistochemical localization of trans-
forming growth factor-β receptor I (TGFβRI) and
epidermal growth factor receptor (EGFR) in gluta-
thione S-transferase placental form (GST-P)-positive
liver cell foci after promotion for 6 weeks. (a)
TGFβRI expression (middle and right) in a GST-P-
positive focus (left) in the liver of a rat promoted
with 3600 p.p.m. fenbendazole (FB) after N-
diethylnitrosamine (DEN) initiation. Note the
mostly cytoplasmic expression of TGFβRI. Bar =
500 μm (left and middle), 50 μm (right). The graph
shows the concordance ratios (%) of TGFβRI immu-
noreactivity with GST-P-positive foci generated
after promotion with FB, piperonyl butoxide (PBO),
or thioacetamide (TAA). **: P < 0.01 versus DEN-
alone group (χ2-test). (b) Lack of EGFR expression
(middle and right) in a GST-P-positive focus (left)
in the liver of a rat promoted with 3600 p.p.m. FB
after DEN initiation. Bar = 500 μm (left and middle),
50 μm (right). The graph shows the concordance
ratios (%) of EGFR negativity with GST-P-positive
foci generated after promotion with FB, PBO, or
TAA. **: P < 0.01 versus DEN-alone group (χ2-test).

Fig. 5. Polypeptide signal levels of glutathione S-transferase placental form
(GST-P), phospho-protein kinase B 2 (Akt2), phospho-Akt substrate, and
transforming growth factor-β receptor I (TGFβRI) in the liver tissues after
promotion for 6 weeks (N = 2/group). Blotted membranes were prepared
for signal detection of each antigen and reprobed with actin as a control
for sample loading. Cell lysate of a rat hepatoma cell line that is known
to express GST-P, H-4-II-E, was also included in the analysis. As compared
with N-diethylnitrosamine (DEN)-alone group, mean relative values of band
intensity of GST-P are 1.7 by promotion with fenbendazole (FB), 5.8 with
piperonyl butoxide (PBO), and 13.8 with thioacetamide (TAA). With regard
to phospho-Akt2, relative values as compared with DEN-alone group are
1.4 by promotion with FB, 2.0 with PBO, and 1.7 with TAA. With regard
to phospho-Akt substrate, a single band migrating approximately 32 kDa
could be detected in all groups, and relative values to DEN-alone group
are 1.3 by promotion with FB, 1.5 with PBO, and 1.3 with TAA. Relative
levels of TGFβRI signal as compared to DEN-alone group are 1.5 by
promotion with FB, 2.2 with PBO, and 0.2 with TAA. Relative levels of actin
signal to the DEN-alone group as represented by the samples examined
for TGFβRI expression shown here are 0.8 by promotion with FB, 1.1 with
PBO, and 0.7 with TAA.
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Discussion

Our previous study demonstrated down-regulation of PTEN expres-
sion, including its inactive phosphorylated form, in a majority of
altered liver cell foci generated by tumor promotion in the early
stage.(13) Here, we investigated the cellular localization of
molecules involved in Akt signaling that are negatively regulated
by PTEN in GST-P-positive preneoplastic lesions at the early stage
of promotion. As a result, we found an increase in the ratios of
GST-P-positive foci coexpressing phospho-Akt2 and the undeter-
mined downstream substrate molecule(s) of Akt-kinase activity
in the promoted cases. Further, most of phospho-Akt2-positive foci
and phospho-Akt substrate-positive foci were found in subpopu-
lations of PTEN-negative foci. On the other hand, total phosphory-
lated and non-phosphorylated forms of Akt1, Akt2, and Akt3, as
well as phospho-Akt did not show any specific localization in
association with liver cell foci. These results suggest an enhanced
activation of Akt2 in response to promotion stimuli in subpopu-
lations of GST-P-positive foci to show lack of PTEN-expression.
GST-P-positive foci also showed up-regulation of TGFβRI and
down-regulation of EGFR in response to tumor promotion with
hepatocarcinogens. Although the possibility of chemical-dependent
response remains to be addressed, these results suggest a crosstalk
between the TGFβ and PTEN/Akt2 signaling cascades, involving
a mechanism to cause EGFR down-regulation by promotion at

the early stage. A similar pattern of cellular distribution of these
molecules was observed in the neoplastic lesions at the late stage,
suggesting these are essential molecular events in the entire process
of tumor promotion.

The AKT2 gene product is strongly correlated with the regu-
lation of glucose homoeostasis and is the predominant Akt iso-
form expressed in insulin-responsive tissues.(28) Akt2 has also been
implicated in human malignancies, and recently, Akt2 has been
shown to regulate cancer cell survival, migration, and invasion,
acting as a transcriptional regulatory target of the basic helix-loop-
helix transcriptional factor Twist.(29) In the present study, among
Akt isoforms, we could only detect increased coexpression of the
activated form, phospho-Akt2, in subpopulations of GST-P-positive
foci induced by tumor promotion. Increase in the polypeptide
level of phospho-Akt2 was also observed in the liver of tumor-
promoted cases. The following phenomena may underlie the mech-
anisms for clonal expansion of GST-P-positive cells: lack of a p53
response to DNA damage because of transactivation of Mdm2
oncogene,(4,5) down-regulation of apoptosis,(6,30) and up-regulation
of cell proliferation.(31) Although the direct evidence for the
functional relevance of active Akt2 in GST-P-positive foci needs
to be clarified, Akt, once phosphorylated and activated, is known to
relocalize to several subcellular locations where it phosphorylates
proteins, such as Forkhead transcription factors, glycogen synthesis
kinase-3, Bcl2-antagonist of cell death, and Mdm2 – some of which
contribute to antiapoptotic signaling.(32)

In this study, we also found membrane localization of molecule(s)
immunoreactive with antiphospho-(Ser/Thr) Akt substrate antibody
in the GST-P-positive preneoplastic lesions at 6 weeks of tumor
promotion. To identify the corresponding molecule, we first
examined the cellular localization of four candidates of Akt sub-
strates that were selected because of reported cell surface mem-
brane localization.(19–25) As a result, 14-3-3 and Grb10 showed
increased cytoplasmic expression in a subpopulation of GST-P-
positive foci induced only by promotion with PBO. We next
examined polypeptide signal levels immunoreacted with the
antiphospho-(Ser/Thr) Akt substrate antibody in the liver of tumor
promoted cases. As a result, a single polypeptide signal, migrating
approximately at 32 kDa, was detected in all groups, and enhanced
expression was observed after tumor promotion. Interestingly, the
pattern of immunolocalization changed from the membrane to
the cytoplasm in relation with lesion development. All carcinomas
showed cytoplasmic localization, suggesting an alteration of the
function or activity of the corresponding molecule(s).

Fig. 6. Immunolocalization of phospho-protein kinase B 2 (Akt2), phospho-
Akt substrate, transforming growth factor-β receptor I (TGFβRI), and epi-
dermal growth factor receptor (EGFR) in the glutathione S-transferase
placental form-positive proliferative lesions generated after promotion by
fenbendazole for 57 weeks. (a,b) Selective expression of phospho-Akt2 in
an adenoma (a) and in a carcinoma (b) in contrast to surrounding non-
tumor tissue. (c,d) An adenoma showing both cytoplasmic and membrane
immunoreactivities (c), and a carcinoma showing predominantly cytoplasmic
immunoreactivity (d) with the antibody against phospho-Akt substrate.
(e,f) Positive immunoreactivity of TGFβRI (e) and negative reactivity of
EGFR (f) in an adenoma. Immunoreactivity in the same portion of the
identical adenoma is presented in panels (a), (c), (e), and (f). (a), (b), (c),
(e), (f) Bar = 100 μm (d) Bar = 50 μm. Ad, adenoma; Ca, carcinoma.

Fig. 7. The concordance ratios (%) of the immunoreactive proliferative
lesions for phospho-protein kinase B 2 (Akt2), phospho-Akt substrate, and
transforming growth factor-β receptor I (TGFβRI), and negative foci for
epidermal growth factor receptor (EGFR) in the glutathione S-transferase
placental form (GST-P)-positive proliferative lesions produced after promo-
tion by fenbendazole for 57 weeks. Ad, adenoma; Ca, carcinoma; cyto,
cytoplasm; memb, membrane.
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ΤGFβ exerts a growth-inhibitory effect on epithelial cells, which
explains its role as a tumor suppressor that cancer cells must elude
for malignant evolution.(33) Yet, paradoxically, TGFβ also modulates
processes such as cell invasion, immune regulation, and micro-
environment modification that cancer cells may exploit to their
advantage.(34) In our previous study, we found that TGFβRI was
selectively expressed in proliferative lesions from early preneo-
plastic liver cell foci induced by promotion with PB or FB,
whereas TGFβRII showed less selective expression in relation
with proliferative lesions.(13) In the present study, we also found
TGFβRI expression in subpopulations of GST-P-positive foci
generated after promotion with PBO or TAA as well as FB,
whereas no apparent immunoreactivity was found with GST-P-
positive foci induced without any promotion. In parallel with
the immunohistochemical results, polypeptide signal of TGFβRI
was increased in the liver after promotion with FB or PBO. TAA-
promoted cases, on the other hand, decreased the polypeptide
signal, in contrast to the increased expression in the preneoplastic
liver cell foci. In the immunohistochemical analysis of focal
strong expression as in the present study, weak constitutive
expression is usually excluded from the evaluation of immuno-
histochemical results. However, constitutive expression could be
detected by immunoblot analysis. Therefore, although the reason
for the discrepancy in the result between the immunohistochemistry
and immunoblotting was not clear, difference in the constitutively
expressed level of TGFβRI in liver cells not forming preneo-
plastic foci between groups including DEN-alone group might
be involved.

Considering the similarity of the immunolocalization pattern
of TGFβRI with the above-examined PTEN/Akt signaling mole-
cules, some signal crosstalk may occur between TGFβ and PTEN/
Akt signaling for formation of preneoplastic lesions under tumor-
promoting stimuli. TGFβ has been shown to induce transcriptional
down-regulation of PTEN in neoplastic cells, suggesting a role
for TGFβ signaling in their growth promotion.(35) It has also been
reported that activation of Akt is required for TGFβ-mediated cell
survival, epithelial-to-mesenchymal transition, and cell migra-
tion.(36,37) This activation can result from TGFβ-induced TGF-α
expression and consequent EGF-receptor activation.(37) According
to our previous study results, populations of PTEN-negative pro-
liferative lesion were slightly but consistently larger than TGF-
βRI-positive ones at both early and late stages of tumor promotion
by FB and PB,(13) suggesting an acquisition of TGFβ signaling in
a subpopulation of PTEN-negative lesions. On the other hand, in

the analysis of the present study, GST-P-positive neoplastic lesions
at the late stage of tumor promotion by FB showed higher concord-
ance ratios with Akt2, phospho-Akt substrate, and TGFβRI, than
GST-P-positive liver cell foci. Most of these neoplastic lesions
expressed above all molecules. These results suggest that crosstalk
between TGFβ and PTEN/Akt signaling plays a role for the devel-
opment of neoplastic lesions as an outcome of tumor promotion.

EGFR is a c-erbB family protein that can heterodimerize for
ligand-dependent activation of downstream signaling. Interestingly,
selective down-regulation of EGFR in a majority of GST-P-positive
foci was observed at 6 weeks of promotion in the present study,
while c-erbB2 did not show any specific expression pattern.
Moreover, most of the GST-P-positive proliferative lesions, including
carcinomas presented here, also down-regulated EGFR at the later
stage. It is well known that EGFR can be down-regulated in a
ligand-dependent manner because of internalization and the
following efficient degradation, resulting in a dramatic decrease in
the half-life of the EGFR protein,(38) and long-term down-regulation
of receptor activity can occur through this mechanism.(39) This
type of EGFR down-regulation can occur via clathrin-dependent
or independent mechanisms; activity of PI3K as well as that of
EGFR kinase and dynamin would be required for the latter.(40)

Another possibility for the mechanism underlying selective down-
regulation of EGFR is transcriptional gene silencing by CpG
island hypermethylation.(41) Although further studies are needed
to examine whether EGFR is activated or inactivated in the
GST-P-positive foci and neoplastic cells, TGFβ activates survival
signals such as Akt, and EGFR is required for its activation.(42) A
subpopulation of GST-P-positive liver cell foci expresses TGFα,
acting as a c-erbB ligand.(43)

In summary, we found an enhanced activation of PTEN/Akt2
signaling in preneoplastic and neoplastic lesions in response to
tumor promotion from the early stages of hepatocarcinogenesis.
Considering the up-regulation of TGFβRI and down-regulation
of EGFR in relation with PTEN/Akt2 in these lesions, there is
likely crosstalk between Akt2 and TGFβ signaling, involving a
mechanism requiring EGFR down-regulation during the entire
process of tumor promotion starting from the early stage.
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