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Abstract
Background: FoxO3a, a member of the FOXO family of transcription factors,
is expressed in adult liver and modulates the expression of genes involved in
apoptosis. FoxO3a is post-translationally regulated, negatively by PI3K/Akt
and MAPK/Erk and positively by oxidative stress/JNK pathways. In previous
works, we have demonstrated that interferon-a2b (IFN-a2b) induces apop-
tosis of hepatic preneoplastic foci through the production of reactive oxygen
species (ROS). Aims: To investigate the post-translational signal events
triggered by the oxidative stress induced by IFN-a2b and the modulation of
FoxO3a transcriptional activity during these events in rat preneoplastic
liver. Methods: Adult male Wistar rats were subjected to a two-phase model
of hepatocarcinogenesis. A group of animals received IFN-a2b and another
group received IFN-a2b and ascorbic acid (ASC), by intraperitoneal
injection. Lipid peroxidation, immunohistochemistry, immunoblotting,
co-immunoprecipitation and sqRT-PCR assays were performed to explore
the role of ROS, JNK, Akt, Erk, FoxO3a, b-catenin and PUMA in the IFN-
a2b-mediated apoptotic mechanism. Results: In vivo IFN-a2b treatment
induced endogenous production of ROS which activated JNK. IFN-a2b
blocked the activation of Akt and Erk, avoiding FoxO3a activity repression.
Activated JNK was responsible for the nuclear translocation and transcrip-
tional activity of FoxO3a which positively modulated the expression of
PUMA, a proapoptotic player. In addition, nuclear FoxO3a competed for the
nuclear b-catenin associated to TCF, inhibiting the canonical Wnt signalling
pathway. Conclusions: The data presented here propose a model in which in
vivo IFN-a2b treatment induces nuclear translocation and transcriptional
activity of FoxO3a, triggering the mitochondrial apoptotic pathway in hepa-
tic preneoplastic foci.

Hepatocellular carcinoma (HCC) is one of the most
common malignancies worldwide (1). Hepatitis B or C
viral infections are main risk factors for HCC develop-
ment (2). Because of the increasing incidence of hepati-
tis C virus infection in the western world, HCC is
becoming a growing health problem in developed coun-
tries (3).

The O subclass of the Forkhead family of transcrip-
tion factors, or FOXO, plays important roles in different
cellular processes including apoptosis, proliferation and
protection from oxidative stress. There are four mem-
bers of the FOXO family in mammals (4, 5), among
these members, FoxO3a expression pattern is ubiqui-
tous in murine adult tissue and is highly expressed in
developing liver (4, 6). FOXO proteins are post-transla-
tionally regulated by several biochemical signalling cas-
cades. They are direct substrates of the protein kinase

Akt and are negatively regulated in response to cellular
stimulation by growth factors or insulin (7–12). In this
regard, phosphorylation of FOXO by Akt induces
nuclear exclusion and sequestration in the cytosol medi-
ated by 14-3-3 proteins, thereby inhibiting FOXO tran-
scriptional activity (7, 8). In a similar way, extracellular
signal-regulated protein kinase (Erk) interacts with and
phosphorylates FoxO3a promoting its degradation by
an ubiquitin-proteasome pathway (13). On the other
hand, FOXO factors and 14-3-3 proteins can also be
phosphorylated by c-Jun N-terminal kinase (JNK), a
member of the MAPK family activated by a variety of
stress stimuli, including changes in levels of reactive
oxygen species (ROS) (14, 15). This phosphorylation
events lead to the release of FOXO from 14-3-3 chaper-
ones and to the nuclear relocalization and activation of
FOXO proteins (16, 17). Nuclear FOXO proteins trigger
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apoptosis by modulating the expression of prodeath
members of the Bcl-2 family, such as PUMA (18, 19).

Interferons (IFNs), particularly interferon-alpha
(IFN-a), have been extensively used in the treatment of
patients infected with hepatitis B or C virus. Since IFN-
a appears to have antiproliferative effects on hepatocytes
(20), it has been suggested that IFN-a therapy can pre-
vent the subsequent development of HCC. There are
several clinical studies that demonstrate that IFN-a
therapy significantly improves the long-term survival
and lowers the incidence of HCC among patients with
chronic hepatitis C (21–27).

IFN-a is a member of the type I IFN family of gly-
coproteins, produced and secreted by the cells of the
immune system in response to viral infection and/or
tumour cells. This natural cytokine has multiple func-
tions besides its antiviral properties, including modu-
lation of immune responses and regulation of cell
growth arrest and cell death (28–31). In addition,
IFN-a has antitumour activity against a variety of
tumours, although its greater efficacy has been
reported in haematologic malignancies (32–35). The
antitumour action of IFN-a might be conducted by
indirect mechanisms such as immunomodulatory
response (36–38) and antiangiogenic effects (39, 40),
or by direct action on tumour cells inducing downre-
gulation of oncogenes, expression of tumour suppres-
sor genes and promoting apoptosis (41, 42). Although
IFN-a has been shown to induce apoptosis in tumour
cells, the molecular mechanisms mediating pro-
grammed cell death in response to this cytokine are
not yet fully understood. We have already demon-
strated in vivo that IFN-a2b treatment induces apop-
tosis of hepatic preneoplastic foci through a
mechanism that involves hepatocyte production of
ROS and secretion of transforming growth factor b1
(TGF-b1) (43–45). Moreover, we have shown that
IFN-a2b triggers the mitochondrial apoptotic pathway
(46). In addition, we showed that the Wnt/b-catenin/
TCF pathway, a signalling mechanism associated with
cancer, is activated at a very early stage of the devel-
opment of the hepatocarcinogenic process and in vivo
IFN-a2b treatment inhibits this pathway and pro-
motes programmed cell death enhancing FOXO tran-
scriptional activity (47).

In the present study, we went deeper on the study of
the post-translational signal events triggered by the oxi-
dative stress induced by IFN-a2b treatment and on the
modulation of FoxO3a transcriptional activity during
these events in preneoplastic rat livers.

Materials and methods

Chemicals

Diethylnitrosamine (DEN), 2-acetylaminofluorene (2-
AAF), and ascorbic acid (ASC) were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). IFN-a2b

was kindly provided by PC-Gen S.A. (Buenos Aires,
Argentina). Anti-b-catenin antibody was from BD
Transduction Labs (San Jose, CA, USA). Anti-Akt,
anti-JNK, anti-p-JNK (T183/Y185), anti-Erk1/2 and
anti-p-Erk1/2 (T202/Y204) antibodies were from Cell
Signalling Technology (Danvers, MA, USA). Anti-pi
class of rat glutathione S-transferase (rGST-P) anti-
body was purchased from Stressgen Bioreagents (Ann
Arbor, MI, USA). Anti-FoxO3a, anti-p-FoxO3a
(S253), anti-PUMAa/b, anti-p-Akt (S473), anti-Bax,
anti-Bcl-xL, anti-cytochrome c, anti-Histone H1 and
anti-b-actin antibodies were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Antiprohibitin anti-
body was from Abcam (Cambridge, MA, USA). Pierce
enhanced chemiluminescence (ECLTM) Western Blot-
ting Substrate was from Thermo Fisher Scientific
(Rockford, IL, USA). Phosphatase inhibitor calyculin
A was from BioSource International (Camarillo, CA,
USA). All other chemicals were of the highest grade
commercially available.

Animals and treatment

Adult male Wistar rats weighing 330–380 g were main-
tained in a room at constant temperature with a 12 h
light–dark cycle, with food and water supplied ad
libitum. Experimental protocols were performed accord-
ing to the NIH ‘Guide for the Care and Use of Labora-
tory Animals’ (Publication no. 25–28, revised 1996).
Animals were divided into three groups. An overview of
the experimental protocol is provided in Figure 1.
Animals of the initiated–promoted (IP) group were sub-
jected to a two-phase model of rat hepatocarcino-
genesis, as previously described (43). Briefly, animals
received two intraperitoneal necrogenic doses of DEN
(150 mg/kg body weight) 2 weeks apart. One week after
the last injection of DEN, rats received 20 mg/kg body
weight of 2-AAF by gavage for four consecutive days per
week during 3 weeks. IP+IFN group was subjected to
the same two-phase protocol as IP group and also
received IFN-a2b (6.5 9 105 U/kg body weight),
administered intraperitoneally three times per week
during the entire treatment. The dose used was compa-
rable to that used for therapeutic purposes (43). Ani-
mals from IP+IFN+ASC group, in addition to the two-
phase protocol and IFN-a2b administration, received
ASC (75 mg/kg body weight), administered intraperito-
neally three times per week during the entire treatment.
At the end of the 6-week treatment, animals were anes-
thetized and sacrificed and livers were removed and
processed. At that time, approximately 5% of the liver is
occupied by reversible preneoplastic foci (43).

Preparation of tissue lysates, homogenates and subcellular
fractions

Whole liver lysates were prepared by homogenization of
tissues in radioimmunoprecipitation assay buffer (RIPA,
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20 mM Tris, pH 8, 200 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
5 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 1.5 nM
Calyculin A and protease inhibitors), followed by three
freeze-thawing cycles. Finally, tissue and cell debris were
removed by centrifugation at 15 000 rpm3 for 30 min.
Whole liver homogenates were prepared by homogeni-
zation of tissues in 0.3 M sucrose containing phospha-
tase inhibitors and protease inhibitors. For nuclear
extracts preparation, whole liver homogenate was spin
at 1000g for 10 min and the pellet was incubated in
RIPA buffer at 4°C for 1 h (48). Finally, samples were
centrifuged for 15 min at 8000g and supernatants were
collected as the nuclear extracts. For cytosolic fractions
preparation, whole liver homogenate was spin at 1000g
for 10 min and the supernatant was centrifuged at
3300g for 10 min. The obtained supernatant was further
centrifuged at 45 000 rpm4 for 1 h to collect the cytosolic
fraction. Mitochondrial fractions were isolated by cen-
trifugation of liver homogenates at 6000g for 15 min,
washed and resuspended in 0.3 M sucrose containing
phosphatase and protease inhibitors.

Assay for lipid peroxidation

Tissue lipid hydroperoxides (LPO) generation was con-
sidered as an indirect measure of ROS production. The
amount of aldehydic products generated by lipid perox-
idation in the liver homogenates was quantified by the
thiobarbituric acid (TBA) reaction according to the
spectrophotometric method of Ohkawa et al. (49) and
measured by high-performance liquid chromatography
(HPLC) with modifications introduced by Young &
Trimble (50). The amount of thiobarbituric acid reactive
substances (TBARS) was expressed as percentage of IP
group.

Caspase 3 activity assay

The activity of caspase 3 was determined using an Enz-
Chek caspase-3 assay kit (Molecular Probes, Eugene,
OR, USA). The tissues were homogenized in lysis buffer
(10 mM Tris, 200 mM NaCl, 1 mMEDTA and 0.001%
Triton X-100) and, after differential centrifugation, the
cytosolic fraction from each sample was used according
to the manufacturer’s instructions. Fluorescence was
measured at an excitation wavelength of 360 nm and an
emission wavelength of 465 nm in a DTX 880 Multi-
mode Detector (Beckman Coulter, Brea, CA, USA).

Immunohistochemical assay

Liver tissues were fixed in 10% vol/vol formalin solution
and embedded in low-melting paraffin blocks. Sections
of 5 lm thickness were deparaffinized, rehydrated and
then microwaved in a 10 mM citrate buffer solution for
10 min at 96°C to perform antigen retrieval. After incu-
bation with blocking serum (3% BSA, 0.03% Triton X-
100) for 30 min, slides were incubated with primary
antibodies in a humidified chamber at 4°C overnight.
For determination of preneoplastic foci, rGST-P im-
munodetection was chosen since it is the most widely
used method for identification of altered hepatic foci
(51). Consecutive slides were incubated with anti-rGST-
P (dilution 1:100) or FoxO3a (dilution 1:10).primary
antibodies. Detection of bound antibody was accom-
plished by the peroxidase-antiperoxidase method (52).
Sections were counterstained with haematoxylin. Repre-
sentative tissue images were captured from each experi-
mental group using a digital camera (Q-Color5,
Olympus America, Center Valley, PA, USA) attached to
an inverted microscope (Axiovert 25, Zeiss, G€ottingen,
Germany). Slides were also stained in the absence of

Fig. 1. Scheme for animal treatment. Male Wistar rats were subjected to a two-phase model of hepatocarcinogenesis. IP group received
two intraperitoneal doses of DEN (150 mg/kg body weight) 2 weeks apart. One week after the last injection of DEN, the animals received
20 mg/kg body weight of 2-AAF by gavage for four consecutive days per week during 3 weeks. IP+IFN group was subjected to the same
two-phase protocol and also received intraperitoneal IFN-a2b (6.5 9 105 U/kg body weight) three times per week during the entire treat-
ment. IP+IFN+ASC animals were subjected to the hepatocarcinogenic treatment, also receiving IFN-a2b (6.5 9 105 U/kg body weight) and
ASC (75 mg/kg body weight) three times per week during the entire treatment. Animals were sacrificed at the end of week 6.
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primary antibodies to evaluate nonspecific secondary
antibodies reactions.

Immunoblotting

Equal amounts of proteins were resolved on 12%
SDS-polyacrilamide gels and transferred to polyvinylid-
ene difluoride (PVDF) membranes (PerkinElmer Life
Sciences Inc., Boston, MA, USA). Membranes were
blocked with PBS-10% nonfat milk for 60 min, washed
and incubated overnight at 4°C with primary antibody.
Finally, membranes were incubated with peroxidase-
conjugated secondary antibody and bands were detected
by the ECLTM detection system and quantified by densi-
tometry using the Gel-Pro Analyzer (Media Cybernetics,
Silver Spring, MD, USA) software. Both equal loading
and protein transfer for each membrane were checked
by incubations with the proper antibodies and by
Ponceau S staining.

Co-immunoprecipitation assay

Whole liver homogenates were subjected to immuno-
precipitation with anti-b-catenin antibody (dilution
1:50). Proteins bound to protein A-sepharose beads
were washed with lysis buffer and resolved by electro-
phoresis on 12% SDS-polyacrilamide gels. Gels were
blotted onto PVDF membranes and subjected to immu-
noblotting with specific secondary antibody at appropri-
ate dilution. The immunoreactive bands were detected
as described above.

Protein concentration determination

The protein concentration was determined by the Lowry
method (53), using bovine serum albumin as a stan-
dard.

RNA isolation and semiquantitative RT-PCR

PUMA mRNA expression was assayed by semiquantita-
tive reverse transcription polymerase chain reaction
(sqRT-PCR). Total RNA was isolated from rat liver tis-
sues by the TriZOL method (Life Technologies Inc, Gai-
thersburg, MD, USA). Two lg of total RNA was used to
prepare cDNA using an oligo-dT primer and M-MLV
reverse transcriptase (Promega, Madison, WI, USA).
Two ll of cDNA were amplified using Taq polymerase
(Promega) and a specific set of primers. Amplification
of mRNA transcript encoding b-actin, a housekeeping
gene, was used as a quantitative control. See Table 1 for
primers sequences and PCR conditions. PCR products
were resolved in a 2% agarose gel stained with ethidium
bromide and bands were visualized using a high-perfor-
mance ultraviolet transilluminator (UVP, Upland, CA,
USA). Images of the agarose gels were acquired with an
imaging system EpiChemi 3 Darkroom (UVP) and
quantification of the bands was performed using the

Gel-Pro Analyser (Media Cybernetics, Silver Spring,
MD, USA) software. Each quantified band was normal-
ized to the corresponding b-actin levels.

Statistical analysis

Results were expressed as mean ± SEM. Significance in
differences was tested by one-way ANOVA, followed by
Tukey’s test. Differences were considered significant
when the P value was <0.05.

Results

Lipid peroxidation

We have examined the amount of LPO products, a mar-
ker of oxidative damage, by TBARS assay. TBARS levels
are a reflection of the extent of oxidant status and are
considered as an indicator of oxidative stress (54). As
shown in Figure 2, TBARS levels in liver homogenates
from IP+IFN animals were significantly higher than in
those from IP group. On the other hand, TBARS levels
in IP+IFN+ASC group were similar to those in IP
group, without significant difference. It can be argued
that IFN-a2b-induced ROS are responsible for the
TBARS increment in IP+IFN group.

FoxO3a subcellular localization

FoxO3a protein levels were analysed in cytosolic and
nuclear fractions by immunoblotting. Figure 3A shows
that FoxO3a levels in cytosolic fractions were signifi-
cantly decreased in IP+IFN compared with IP group.
Conversely, in nuclear fraction, FoxO3a levels were sig-
nificantly increased in IP+IFN compared with IP group
(Fig. 3B). These effects were completely blocked in both
subcellular fractions when animals were cotreated with
ASC.

Table 1. Primers used for PCR amplification

Primer* Sequence 5′?3′ Cycles

b-actin F CAACCTTCTTGCAGCTCCTC 30

b-actin R TTCTGACCCATACCCACCAT

PUMA F CGTGTGGAGGAGGAGGAGT 36

PUMA R TAGTTGGGCTCCATTTCTGG

*Primer denominations refer to their target specificity and their sense

(F, forward) or antisense (R, reverse) orientation. PCR conditions: reac-

tion was started with a single step of denaturation at 95°C for 5 min.

Cycling conditions consisted of denaturation at 95°C for 1 min, anneal-

ing at 55°C for 1 min, and extension at 72°C for 1 min. The PCR was

finished with a 7 min, 72°C elongation step. In all cases, amplification

was performed with the optimal conditions previously determined using

an increasing number of PCR cycles. A linear relationship between the

band intensity of the PCR product and the number of amplification

cycles performed was observed. The conditions were chosen so that

none of the amplification products reached a plateau at the end of the

protocol.
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In addition, FoxO3a localization was analysed by
immunohistochemical staining. To examine the locali-
zation of FoxO3a within the preneplastic foci and in the
surrounding tissue, rGST-P immunostaining was per-
formed in consecutive slices. As seen in Figure 4,
FoxO3a cytosolic staining was observed in all experi-
mental groups, and no differences were observed
between the preneoplastic lesions and the surrounding
tissue. IP+IFN tissue shows weaker cytosolic FoxO3a

staining than the other tissues. On the other hand,
higher nuclear FoxO3a staining was visualized in
IP+IFN liver tissue, mainly within the preneoplastic
foci.

These results suggest that IFN-a2b-induced ROS
stimulate FoxO3a shuttling from the cytosol to the
nucleus.

Expression of activated JNK kinase

Since FoxO3a nuclear localization is favoured by JNK
phosphorylation, we decided to measure the activation
of JNK in total liver homogenates by immunoblotting.
The analysis of the p-JNK:JNK ratio shows that phos-
phorylation of JNK was significantly elevated in IP+IFN
group compared with IP group, whereas ASC cotreat-
ment normalized this event (Fig. 5). These results
suggest that ROS generated by IFN-a2b treatment are
responsible for the activation of JNK.

Expression of activated Akt and Erk kinases

In an opposite manner to JNK, Akt phosphorylates
FoxO3a in different specific residues of conserved
domains and promotes the shuttling of this transcrip-
tion factor from the nucleus to the cytosol where it is
retained by 14-3-3 proteins (55). Additionally, Erk
phosphorylates FoxO3a in a different set of specific resi-
dues enhancing its proteasome-mediated degradation
(13). Hence, we analysed the presence of total Akt
(Akt), activated Akt (p-Akt), total Erk (Erk1/2) and acti-
vated Erk (p-Erk1/2) in total liver homogenates by
immunoblotting. Figure 6A shows that p-Akt:Akt ratio

(A) (B)

Fig. 3. Total FoxO3a protein expression in liver cytosolic (A) and nuclear (B) fractions. b-actin (A) and Histone H1 (B) were used as loading
controls. IP: rats with hepatic preneoplasia, IP+IFN: IP rats that received IFN-a2b 6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN rats that
also received ASC 75 mg/kg body weight. Densitometric analysis was performed and results are expressed as percentages of IP group
considered as 100% and are the mean ± SEM of four independent experiments. *P < 0.05 vs. IP.

Fig. 2. Lipid peroxidation levels in liver homogenates determined
by TBARS assay. IP: rats with hepatic preneoplasia, IP+IFN: IP rats
that received IFN-a2b 6.5 9 105 U/kg body weight, IP+IFN+ASC:
IP+IFN rats that also received ASC 75 mg/kg body weight. Results
are expressed as percentages of IP group considered as 100% and
are the mean ± SEM of five independent experiments. *P < 0.05
vs. IP.
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was significantly decreased in IP+IFN and IP+IFN+ASC
groups compared with IP group. Figure 6B shows that
p-Erk1/2:Erk1/2 ratio was significantly decreased in
IP+IFN group compared with IP group. In addition,
p-Erk1/2:Erk1/2 ratio for IP+IFN+ASC group shows no
significant difference respect to IP group. These results
suggest that IFN-a2b treatment blocks Akt and Erk acti-
vation during the onset of hepatic preneoplasia. More-
over, the effects of IFN- a2b on the activation of Akt are
independent of ROS.

FoxO3a phosphorylation by Akt

We analysed total FoxO3a and FoxO3a specifically
phosphorylated by Akt (p-Foxo3a) in total liver lysates.

Figure 7 shows that p-FoxO3a:FoxO3a ratio was signifi-
cantly decreased in IP+IFN and IP+IFN+ASC groups
compared with IP group. These results are in agreement
with those obtained for the active form of Akt.

b-catenin/TCF4 vs. b-catenin/FoxO3a association

Nuclear FoxO3a can act as a transcriptional factor regu-
lating a group of specific target genes. It was reported
that FOXO transcriptional activity is enhanced by asso-
ciation with the cofactor b-catenin and this interaction
is favoured under oxidative stress conditions (17, 56).
We have previously reported in preneoplastic livers the
activation of the Wnt canonical pathway, which involves
the protein b-catenin and the transcriptional factor

(A) (B)

(C) (D)

(E) (F)

Fig. 4. Immunohistochemistry showing rGST-P-positive preneoplastic foci and subcellular localization of FoxO3a. Serial liver slices were immu-
nostainedwith anti-rGST-P (A, C and E) or anti-FoxO3a (B, D and F). The nuclei were counterstained with haematoxylin. A, C and E: altered
hepatic foci stainedwith anti-rGST-P antibody. B and F: IP and IP+IFN+ASC liver sections, respectively, showing cytosolic FoxO3a staining. D:
IP+IFN liver sections showing both cytosolic and nuclear (arrowheads) FoxO3a staining. Original magnification 10x. Zoommagnification 40x.
Livers were obtained from IP rats (A and B), IP+IFN rats (C and D) and IP+IFN+ASC rats (E and F). IP: rats with hepatic preneoplasia, IP+IFN: IP rats
that received IFN-a2b 6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN rats that also received ASC 75 mg/kg body weight.
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TCF4 (47). Co-immunoprecipitation assay was per-
formed to evaluate the dual role of b-catenin as a cofac-
tor of TCF4 and FoxO3a and the effects of ROS in these
interactions. Figure 8 shows that b-catenin/FoxO3a
association was favoured in oxidative conditions as seen
in IP+IFN group, in an opposite manner to b-catenin/
TCF4 association.

Expression of PUMA, an apoptosis related FoxO3a target
gene

FoxO3a modulates the transcription of several genes
involved in the mitochondria-dependent and -indepen-
dent apoptotic process. PUMA is one of the proapop-
totic members of the Bcl-2 family regulated by FoxO3a
and is exclusively controlled at a transcriptional level,

whereas other members can be modulated by multiple
mechanisms (57). For this reason, we measured the
transcription levels of mRNA encoding PUMA by
sqRT-PCR method and mitochondrial protein levels of
PUMAa/b by immunoblotting. Figure 9A shows that
PUMA mRNA levels were significantly higher in IP+IFN
group compared with IP group. ASC cotreatment totally
blocked this increase, leading to PUMA mRNA levels
comparable to IP group. Similar results were obtained
when PUMA protein levels were analysed in mitochon-
drial fractions, as seen in Figure 9B.

Analysis of apoptotic events

We have previously demonstrated that in vivo IFN-a2b
treatment increases apoptosis on rat hepatic preneoplas-
tic foci (43, 45). On a regular basis, apoptotic cells are
checked by haematoxylin/eosin staining in liver sections,
and apoptotic index (AI) is morphologically determined
as well. In the present work, the obtained AI revealed
similar results to those determined by this and other
methods (43, 45). AI values within AHF of IP+IFN
group were two-fold higher than those for IP and IP+IF-
N+ASC groups (data not shown). Furthermore, we have
demonstrated that this apoptotic process involves an
increase in the mitochondrial Bax protein (43). Since
the fate of the cells is largely dependent on the Bax:Bcl-
xL ratio, here we analysed this by immunoblotting. We
observed that the mitochondrial Bax:Bcl-xL ratio was
significantly increased in IP+IFN compared with IP
group. Treatment with ASC reduced the ratio to values
similar to those in IP group (Fig. 10A).

It is well-known that Bax translocation to the mito-
chondrial membrane promotes its homodimerization
that finally conducts to cell death by disruption of the
mitochondrial membrane, release of cytochrome c to
the cytosol and subsequent activation of caspase-3.
Therefore, we analysed the release of cytochrome c to
cytosolic fractions by immunoblotting. Figure 10B
shows that cytochrome c levels were significantly higher
in IP+IFN group compared with IP group. ASC cotreat-
ment totally blocked this increase, obtaining cyto-
chrome c levels comparable to IP group.

In addition, we analysed caspase-3 activity, as its acti-
vation is the ultimate responsible for the majority of the
apoptotic effects. The analysis of caspase-3 activity
(Fig. 10C) shows a significant higher activity in IP+IFN
group compared with IP group. By contrast, cotreat-
ment with ASC resulted in a decreased caspase-3 activ-
ity, reaching similar levels to IP group. In addition, we
also observed a decrease in the protein level of procas-
pase-3 (inactive caspase-3 precursor) in IP+IFN group
(Figure 10D).

Discussion

FoxO3a is a member of the FoxO subfamily of Forkhead
transcription factors and is well-known as an important

Fig. 5. Activation of JNK kinase. JNK activation was evaluated by
immunoblotting in total liver homogenates with antibodies against
active JNK (p-JNK) and total JNK (JNK). b-actin was used as loading
control. IP: rats with hepatic preneoplasia, IP+IFN: IP rats that
received IFN-a2b 6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN
rats that also received ASC 75 mg/kg body weight. Densitometric
analysis was performed and means ± SEM of four independent
experiments were calculated. Results are expressed as the ratio
p-JNK:JNK relative to IP group considered as 1. *P < 0.05 vs. IP.
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regulator of apoptosis. For this reason, identifying ways
to activate FoxO3a protein during the early stages of the
carcinogenic process may be critical to eliminate
preneoplastic cells and avoid tumour progression.

In a previous work, we have reported that in vivo
IFN-a2b treatment on preneoplastic rat livers attenuates
the Wnt/b-catenin/TCF pathway in a process involving
FoxO3a transcription factor (47). We have also proved
that IFN-a2b induces the production of ROS in primary
culture of hepatocytes from preneoplastic livers by acti-
vation of the membrane bound NADPH oxidase com-
plex (45). In addition, we have presented compelling
evidence that these IFN-a2b-induced ROS act as an
intracellular messenger triggering the apoptotic process
observed in altered hepatic foci (45).

Prompted by this evidence, we have tested herein the
hypothesis that in vivo IFN-a2b treatment in preneo-
plastic livers promotes the activation of FoxO3a in a
mechanism mediated by ROS, and that this transcrip-
tion factor may be responsible for the attenuation of the

(A) (B)

Fig. 6. Activation of Akt and Erk kinases. Akt and Erk activations were evaluated by immunoblotting in total liver homogenates with anti-
bodies against active Akt (p-Akt), total Akt (Akt), active Erk1/2 (p-Erk1/2) and total Erk1/2 (Erk1/2). b-actin was used as loading control. IP:
rats with hepatic preneoplasia, IP+IFN: IP rats that received IFN-a2b 6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN rats that also received
ASC 75 mg/kg body weight. Densitometric analysis was performed and means ± SEM of four independent experiments were calculated.
Results are expressed as the ratios p-Akt:Akt or pErk1/2:Erk1/2 relatives to IP group considered as 1. *P < 0.05 vs. IP.

Fig. 7. Akt-phosphorylated FoxO3a protein expression. FoxO3a
specifically phosphorylated by Akt (p-FoxO3a) was evaluated by
immunoblotting in total liver lysates with antibodies against phos-
phorylated FoxO3a (p-FoxO3a) and total FoxO3a (FoxO3a). b-actin
was used as loading control. IP: rats with hepatic preneoplasia,
IP+IFN: IP rats that received IFN-a2b 6.5 9 105 U/kg body weight,
IP+IFN+ASC: IP+IFN rats that also received ASC 75 mg/kg body
weight. Densitometric analysis was performed and means ± SEM of
four independent experiments were calculated. Results are
expressed as the ratio p-FoxO3a:FoxO3a relative to IP group consid-
ered as 1. *P < 0.05 vs. IP.

Fig. 8. b-catenin, TCF4 and FoxO3a co-immunoprecipitation assay.
Immunoprecipitated and immunodetected proteins are indicated in
the figure. IP: rats with hepatic preneoplasia, IP+IFN: IP rats that
received IFN-a2b 6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN
rats that also received ASC 75 mg/kg body weight.
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(A) (B)

Fig. 9. PUMA mRNA and protein expression. (A) Expression levels of PUMA mRNA transcript by sqRT-PCR. Densitometric analysis was per-
formed in four independent experiments. Intensity of the bands was quantified and normalized to the corresponding b-actin levels. Ratios
are presented in a graphical form and indicate the relative level of the amplification product over the IP sample after normalization to the
housekeeping gene and are the mean ± SEM of three independent experiments. (B) PUMAa/b protein expression in liver mitochondrial frac-
tion by immunoblotting. Densitometric analysis was performed and results are expressed as percentages of IP group considered as 100%,
and are the mean ± SEM of six independent experiments. IP: rats with hepatic preneoplasia, IP+IFN: IP rats that received IFN-a2b
6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN rats that also received ASC 75 mg/kg body weight. *P < 0.05 vs. IP.

(A) (B) (C)

(D)

Fig. 10. Analysis of apoptosis markers. (A) Study of Bax and Bcl-xL mitochondrial levels by immunoblotting. Densitometric analyses were
performed and Bax:Bcl-xL ratio was calculated. Results are expressed as relative to IP group considered as 1, and are means ± SEM of three
independent experiments. (B) Expression levels of cytochrome c in liver cytosolic fractions by immunoblotting. Densitometric analysis was
performed and results are expressed as percentages of IP group and are the mean ± SEM of four independent experiments. (C) The activity
of caspase 3 was determined by a fluorometric assay. The bars represent caspase 3 activity, expressed in percentage and considering IP
group as 100%. Data are expressed as means ± SEM of four independent experiments. (D) A representative image of procaspase 3 analysis
by immunoblotting showing a decrease in IP+IFN group. IP: rats with hepatic preneoplasia, IP+IFN: IP rats that received IFN-a2b
6.5 9 105 U/kg body weight, IP+IFN+ASC: IP+IFN rats that also received ASC 75 mg/kg body weight. *P < 0.05 vs. IP.
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Wnt/b-catenin pathway and the increased apoptotic
process in the preneoplastic lesions.

First, we evaluated the oxidative status of the livers
from animals subjected to the experimental protocols
measured by TBARS assay. Preneoplastic livers from
animals treated with IFN-a2b presented significantly
higher oxidative stress than preneoplastic livers. We also
observed that oxidative stress levels in preneoplastic liv-
ers treated with IFN-a2b and ASC were similar to those
of the IP group, suggesting that the dose of ASC used
was sufficient to reduce ROS generated by the IFN-a2b
treatment.

Functional activity of FOXO transcription factors
are tightly regulated at a post-translational level mainly
by reversible modifications such as phosphorylations.
This signal-induced events control FOXOs subcellular
localization and protein stability. According to their
phosphorylation profile, FOXOs can shuttle between
the nucleus and the cytosol. In the nucleus, FOXOs are
transcriptionally active and control the transcription of
genetic programs involved in several processes includ-
ing programmed cell death. When FOXOs are located
in the cytosol, they become transcriptionally inactive
and can undergo proteolytic degradation. The phos-
phorylation events mentioned above are conducted
particularly by JNK, Akt and Erk kinases. JNK and Akt
kinases have opposite effects on the localization of
FOXO proteins, whereas Erk kinase promotes FOXO
degradation. In the present study, we found that Akt
was active in preneoplastic livers respect to control ani-
mals (data not shown), phosphorylating FoxO3a and
promoting its sequestration in the cytosol. Since a con-
stitutive activation of the PI3K/Akt pathway is a hall-
mark of many cancers and this process occurs at an
early stage in the carcinogenic process, this finding was
predictable in our preneoplastic model. Surprisingly,
Akt activation was abolished in the other experimental
groups, suggesting a mechanism that involves IFN-a2b
but is not dependent of ROS. This result proposes a
novel and unknown mechanism by which IFN-a2b
inhibits Akt activation in preneoplastic livers. Further
analysis would be necessary to deepen the mechanism
of action of this cytokine on PI3K/Akt signalling path-
way. For Erk, however, we found that in vivo IFN-a2b
treatment inhibited Erk activation and cotreatment
with ascorbic acid reactivated this kinase as measured
by p-Erk1/2:Erk1/2 ratio. This inhibitory effect of IFN-
a, including IFN-a2b, on the activation of Erk was
already reported in HCC cell lines and other types of
cell lines (58–60). In agreement with our results, the
positive effect of ascorbic acid on the activation of Erk
was reported by others (61, 62). On the other hand, we
demonstrate that IFN-a2b-induced ROS are responsi-
ble for the activation of JNK which is known to pro-
mote the translocation of FoxO3a to the nucleus. Our
results demonstrate that IFN-a2b-induced ROS
improves FoxO3a nuclear translocation.

Once in the nucleus, FOXOs recognize consensus
sequences in the DNA and upregulate a set of target
genes, including the BH3-only protein PUMA (18, 19).
PUMA is an important mediator of the apoptotic pro-
cess and is induced in a p53-dependent and –indepen-
dent manner (63). You et al. have reported that FoxO3a
upregulates PUMA expression when PI3K/Akt signalling
is downregulated (18). In agreement, we found a signifi-
cant increase of PUMA, both at mRNA and protein lev-
els, in IFN-a2b-treated preneoplastic livers. In addition,
ASC treatment completely blocked these increments
providing evidence that IFN-a2b-induced ROS are
involved in the nuclear localization and transcriptional
activation of FoxO3a. PUMA is a proapoptotic player
that interacts with the antiapoptotic members of the
Bcl-2 family, releasing proapoptotic members of the
same family such as Bax. Bax homodimerization is fol-
lowed by mitochondrial membrane disruption. After
this, cytochrome c is released from the mitochondria
into the cytosol where it participates in caspases activa-
tion. In accordance with the upregulation of PUMA, we
found in IP+IFN group a significant increase of the Bax:
Bcl-xL ratio, a higher release of cytochrome c and an
increase in caspase 3 activity. In addition, we also found
an inhibition of these events in IP+IFN+ASC group,
compared with IP group.

It was reported that an evolutionarily conserved
interaction exists between b-catenin and FOXO proteins
(56). Moreover, FOXO transcriptional activity was
enhanced when b-catenin/FOXO interaction was
favoured by oxidative stress conditions (56). In the pres-
ent and also in a previous work (47), we found in IFN-
a2b-treated preneoplastic livers that FoxO3a presented
higher affinity for b-catenin than TCF. This event led to
the dissociation of b-catenin from TCF, which acted as
a transactivator of this transcription factor. As a conse-
quence, TCF activity was repressed and the pathway was
no longer actived as we previously proved by sqRT-PCR
of several target genes of TCF (47).

In summary, we proved that in vivo IFN-a2b treat-
ment induced nuclear translocation and transcriptional
activity of FoxO3a, further confirming that the external
manipulation of the oxidative cell environment is key to
the carcinogenic process and is an useful tool to define
therapeutic strategies.
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above). (Note that this document uses screenshots from Adobe Reader X) 

The latest version of Acrobat Reader can be downloaded for free at: http://get.adobe.com/reader/ 
 

Once you have Acrobat Reader open on your computer, click on the Comment tab at the right of the toolbar:  

 

 

 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Replace (Ins) Tool Î for replacing text. 

 

Strikes a line through text and opens up a text 

box where replacement text can be entered. 

How to use it 

‚ Highlight a word or sentence. 

‚ Click on the Replace (Ins) icon in the Annotations 

section. 

‚ Type the replacement text into the blue box that 

appears. 

This will open up a panel down the right side of the document. The majority of 

tools you will use for annotating your proof will be in the Annotations section, 

rkevwtgf"qrrqukvg0"YgÓxg"rkemgf"qwv"uqog"qh"vjgug"vqqnu"dgnqy< 
 

2. Strikethrough (Del) Tool Î for deleting text. 

 

Strikes a red line through text that is to be 

deleted. 

How to use it 

‚ Highlight a word or sentence. 

‚ Click on the Strikethrough (Del) icon in the 

Annotations section. 

 

 

 

3. Add note to text Tool Î for highlighting a section 

to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 

box where comments can be entered. 

How to use it 

‚ Highlight the relevant section of text. 

‚ Click on the Add note to text icon in the 

Annotations section. 

‚ Type instruction on what should be changed 

regarding the text into the yellow box that 

appears. 

4. Add sticky note Tool Î for making notes at 

specific points in the text. 

 

Marks a point in the proof where a comment 

needs to be highlighted. 

How to use it 

‚ Click on the Add sticky note icon in the 

Annotations section. 

‚ Click at the point in the proof where the comment 

should be inserted. 

‚ Type the comment into the yellow box that 

appears. 

 

http://get.adobe.com/reader/
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool Î for inserting large amounts of 

text or replacement figures. 

 

Inserts an icon linking to the attached file in the 

appropriate pace in the text. 

How to use it 

‚ Click on the Attach File icon in the Annotations 

section. 

‚ Enkem"qp"vjg"rtqqh"vq"yjgtg"{qwÓf"nkmg"vjg"cvvcejgf"
file to be linked. 

‚ Select the file to be attached from your computer 

or network. 

‚ Select the colour and type of icon that will appear 

in the proof. Click OK. 

6. Add stamp Tool Î for approving a proof if no 

corrections are required. 

 

Inserts a selected stamp onto an appropriate 

place in the proof. 

How to use it 

‚ Click on the Add stamp icon in the Annotations 

section. 

‚ Select the stamp you want to use. (The Approved 

stamp is usually available directly in the menu that 

appears). 

‚ Enkem"qp"vjg"rtqqh"yjgtg"{qwÓf"nkmg"vjg"uvcor"vq"
appear. (Where a proof is to be approved as it is, 

this would normally be on the first page). 

7. Drawing Markups Tools Î for drawing shapes, lines and freeform 

annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 

comment to be made on these marks.. 

 

How to use it 

‚ Click on one of the shapes in the Drawing 

Markups section. 

‚ Click on the proof at the relevant point and 

draw the selected shape with the cursor. 

‚ To add a comment to the drawn shape, 

move the cursor over the shape until an 

arrowhead appears. 

‚ Double click on the shape and type any 

text in the red box that appears. 




