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Interferon-a2b and transforming growth factor-b1 treatments on HCC cell lines:
Are Wnt/b-catenin pathway and Smads signaling connected in hepatocellular
carcinoma?
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A B S T R A C T

Wnt/b-catenin pathway is often dysregulated in hepatocellular carcinoma (HCC). Activated b-catenin

accumulates in the cytosol and nucleus and forms a nuclear complex with TCF/LEF factors like TCF4.

Interferon-a (IFN-a) has recently been recognized to harbor therapeutic potential in prevention and

treatment of HCC. Transforming Growth Factor-b1 (TGF-b1) is a mediator of apoptosis, exerting its

effects via Smads proteins. One mode of interaction between Wnt/b-catenin and TGF-b1/Smads

pathways is the association of Smads with b-catenin/TCF4. In this study we analyzed the effects of IFN-

a2b and TGF-b1 treatments on Wnt/b-catenin pathway, Smads proteins levels, b-catenin/TCF4/Smads

interaction and proliferation and apoptotic death in HepG2/C3A and Huh7 cell lines. IFN-a2b and TGF-

b1 attenuated Wnt/b-catenin signal by decreasing b-catenin and Frizzled7 receptor proteins contents

and the interaction of b-catenin with TCF4. Truncated b-catenin form present in C3A cell line also

diminished after treatments. Both cytokines declined Smads proteins and their interaction with TCF4.

The overall cellular response to cytokines was the decrease in proliferation and increase in apoptotic

death. Treatment with Wnt3a, which elevates b-catenin protein levels, also generated the increment of

Smads proteins contents when comparing with untreated cells. In conclusion, IFN-a2b and TGF-b1

proved to be effective as modulators of Wnt/b-catenin pathway in HCC cell lines holding both wild-type

and truncated b-catenin. Since the inhibition of b-catenin/TCF4/Smads complexes formation may have

a critical role in slowing down oncogenesis, IFN-a2b and TGF-b1 could be useful as potential

treatments in patients with HCC.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Wnt/b-catenin is one of the most frequently dysregulated
pathways responsible for initiating and sustaining a hepatocellular
carcinoma (HCC). This pathway has a central role in embryogenesis
and in adult tissue homeostasis [1]. Under normal circumstances,
in the absence of Wnt receptor ligands, b-catenin is localized at the
cell membrane in a complex with E-cadherin. In addition, free
cytoplasmic b-catenin is recognized and phosphorylated by a
destruction complex consisting of adenomatous polyposis coli,
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axin, glycogen synthase kinase 3b (GSK-3b), and casein kinase I
(CK1). Inside this complex, CK1 phosphorylates b-catenin at Ser 45
as a priming site followed by phosphorylation of Thr 41, Ser 37 and
Ser 33 residues by GSK-3b. Phosphorylated b-catenin is then
recognized for ubiquitination and proteasomal degradation [2].
Wnt receptor complexes at the cell surface are composed of a seven
transmembrane domain Frizzled protein and a single-pass
transmembrane protein of the LDL receptor-related protein family.
Once Wnt ligands engage this complex, a signal is transduced that
inactivates the b-catenin destruction complex and so permits
unphosphorylated b-catenin to accumulate in both cytoplasm and
nucleus [3]. In the nucleus, b-catenin forms complexes with
members of the TCF/LEF family of DNA binding proteins and
thereby modulates the transcription of numerous target genes [4].

The genetic modifications in the Wnt/b-catenin pathway
reported in human HCC led to an anomalous activation of this
signaling manifested by a post-transcriptional stabilization of b-
catenin. Most alterations are activating mutations in the GSK-3b
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and CK1 phosphorylation regions of the b-catenin gene [5,6].
However, there could be changes in other components of the
pathway. For instance, over-expression of Frizzled7 receptor was
reported in human HCC, and it was suggested that contributes to
wild-type b-catenin stabilization and accumulation [7,8].

On the other hand, transforming growth factor-b1 (TGF-b1) is
an important physiological mediator of apoptosis both in normal
and neoplastic liver, and exerts its various effects via two
transmembrane serine/threonine kinases known as type I and
type II receptors [9]. The ligand-activated type II receptor
associates with, phosphorylates, and activates the type I receptor,
which in turn phosphorylates Smads2 and 3 proteins, members of
the Smad family of signal transducers. These activated Smads then
associate with Smad4 and translocate to the nucleus, where they
regulate transcription by associating with nuclear transcription
factors and/or by binding directly to DNA. The inhibitory Smad7
bind stably TGF-b1 receptors and interfere with ligand-induced
phosphorylation of Smads2 and 3 [10]. After TGF-b1 stimulation,
Smad7 translocates out of the nucleus to the plasma membrane to
exert its inhibitory functions, serving as an autoregulatory
negative feedback function in TGF-b1 signaling [11].

Both Wnt/b-catenin and TGF-b1/Smads pathways coordinately
regulate pattern formation during embryogenesis as well as tumor
progression [12–15]. Although many groups have studied the
integration of Wnt/b-catenin and TGF-b1/Smads signals during
embryonic development [12,13,16], the cross-talk between these
pathways in carcinogenesis remains largely unexplored. One mode
of interaction is by the association between Smads and the b-
catenin/TCF/LEF complex in the nucleus that triggers the
differential regulation of diverse target genes [14,17,18]. Smads2
and 3 and Smad4 have been shown to be directly associated with
TCF/LEF while their association with b-catenin was found to be
indirect [16]. On the other hand, Smad7 is not only directly
associated with both b-catenin and TCF/LEF factors but also is
required for the cooperation between b-catenin and the other
Smads [17]. In addition, Edlund et al. [17] suggested that the
specific effects of b-catenin on different promoters are moderated
by alterations in the nuclear amounts of the b-catenin/TCF/LEF
complex as well as of Smads2 and 3, Smad4 and Smad7.

Interferon-a (IFN-a) has been described as an essential
cytokine for antiviral immunity with anti-proliferative and
immunomodulatory effects [19]. Clinically, IFN-a has been used
for the treatment of viral infections and others malignancies
[20,21]. Furthermore, IFN-a has been shown to be useful for
delaying progression of liver function impairment or prevention of
HCC in patients with chronic hepatitis B or C [22,23]. Nowadays,
some reports are also suggesting a potential efficacy of IFN-a
therapy for the treatment of HCC [24–26].

Our group have been studied the IFN-a effects on Wnt/b-
catenin signaling in a very early stage of rat hepatocarcinogenesis.
We demonstrated that not only this pathway is activated in
preneoplastic rat livers, but more important, that in vivo IFN-a2b
treatment inhibits it [27]. Besides, we also showed an apoptotic
effect of IFN-a2b on preneoplastic foci which was induced by
oxidative stress and TGF-b1 release [28–30].

Since there are no published studies that integrate IFN-a, TGF-
b1/Smads and Wnt/b-catenin signals, the aim of the present
study was to analyze the effects of IFN-a2b and TGF-b1
treatments on Wnt/b-catenin pathway in HCC cell lines.
Additionally, we explored the actions of these cytokines on
Smads proteins levels and on the interaction between Smads and
the nuclear complex b-catenin/TCF4. Furthermore, we investi-
gated the consequences of IFN-a2b and TGF-b1 treatments on cell
proliferation and apoptotic cell death. Finally, we evaluated the
effect of an increased b-catenin protein level on the contents of
Smads proteins.
2. Materials and methods

2.1. Reagents

IFN-a2b was kindly provided by PC-Gen (Buenos Aires,
Argentina). Anti-Smad7 (MAB2029) antibody and recombinant
TGF-b1 (240-B) and Wnt3a (1324-WN/CF) proteins were obtained
from R&D Systems (Minneapolis, MN, USA). Anti-b-catenin
(610154) antibody was from BD Transduction Labs (San Jose,
CA, USA). Anti-active-b-catenin (#05-665) antibody was from
Millipore (Temecula, CA, USA). Anti-Smad4 (#9515) antibody was
from Cell Signaling Technology (Danvers, MA, USA). Anti-Frizzled7
(ab64636) antibody was obtained from Abcam (Cambridge, MA,
USA). Anti-p-Smad2/3 (Ser 433/435; sc-11769), anti-TCF4 (sc-
13027), anti-PCNA (proliferating cell nuclear antigen; sc-56) anti-
Cytochrome c (sc-13156) and anti-Histone H1 (sc-8030) anti-
bodies were from Santa Cruz Biotechnology Inc (Santa Cruz, CA,
USA). Anti-b-actin (A2228) and anti-a-tubulin (T5168) were from
Sigma–Aldrich Corp (St. Louis, MO, USA). Phosphatase inhibitor
Calyculin A (PHZ1044) was from BioSource International (Camar-
illo, CA, USA). All other chemicals were of the highest grade
commercially available.

2.2. Cell lines and treatments

The human HCC cell lines HepG2/C3A (a clonal derivative of
HepG2) and Huh7 were obtained from American Type Culture
Collection (Rockville, MD, USA). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 100 IU/mL penicillin, and 100 mg/mL
streptomycin at 37 8C in a humidified atmosphere of 95% O2 and 5%
CO2. Cells were plated with the maintenance medium and the next
day were starved by incubation in serum-free medium (SFM) for an
hour at 37 8C. SFM is composed of Iscove’s modified Dulbecco’s
medium (IMDM) and F-12 Nutrient Mixture (Ham) (1:1), 20 IU/mL
penicillin, 20 mg/mL streptomycin and Insulin-Transferrin-Seleni-
um supplement (Gibco, Carlsbad, CA, USA). After starvation, cells
were treated with 100,000 U/mL IFN-a2b, 100,000 U/mL IFN-a2b
plus 2 ng/mL recombinant TGF-b1, 2 ng/mL recombinant TGF-b1,
or left untreated. Previous studies from our group have shown that
IFN-a2b induces TGF-b1 production and secretion from preneo-
plastic hepatocytes [28–30]. However, this phenomenon does not
occur in C3A and Huh7 cell lines, since IFN-a2b stimulus did not
modify TGF-b1 secretion (data not shown). Taking this result into
consideration, in the present work we have added recombinant
TGF-b1 to the culture media.

In order to stimulate Wnt/b-catenin pathway, cells were
treated with 20 ng/mL recombinant Wnt3a.

2.3. Cell proliferation assay

The sensitivity of HCC cell lines to IFN-a2b, TGF-b1 or both
factors was determined by using the CellTiter 961 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA).
Cells were seeded in 96-well plates at a density of 6 � 103 cells/
well for C3A and 2 � 103 cells/well for Huh7, and treated with IFN-
a2b, TGF-b1 or both factors, for up to 6 days. After each treatment
day, cells were incubated with the proliferation reagent and
absorption at 490 nm was measured in a LD400 spectrophotome-
ter (Beckman Coulter Inc., Fullerton, CA, USA).

2.4. Caspase-3 activity assay

Caspase-3 activity was determined using EnzChek1 Caspase-3
Assay Kit #1 (Molecular Probes Inc, Eugene, OR, USA), according to
the manufacturer’s suggestions. Briefly, cells were seeded in 10 cm
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plates at a density of 4 � 106 cells/plate for C3A and 2 � 106 cells/
plate for Huh7, treated with IFN-a2b, TGF-b1 or both factors during
48 h and then lysed and sonicated. After differential centrifugation,
the cytosolic fraction from each sample was mixed with substrate
solution. Fluorescence was measured at an excitation wavelength of
360 nm and an emission wavelength of 465 nm in a DTX 880
multimode detector (Beckman Coulter Inc., Fullerton, CA, USA).

2.5. Preparation of total cell lysates and subcellular fractions

Cells were seeded in 10 cm plates at a density of 4 � 106 cells/
plate for C3A and 2 � 106 cells/plate for Huh7 and treated with IFN-
a2b, TGF-b1 or both factors during 48 hs. In one experiment, cells
were treated with Wnt3a. Total cell lysates and cytosolic and nuclear
extracts were prepared as previously described [28,30]. Total cell
lysates used for co-immunoprecipitation experiments were
obtained in non-denaturing lysis buffer containing 20 mM Tris,
pH8,137 mMNaCl,10%glycerol,1%TritonX-100,2 mMEDTA,1 mM
NaF, 1 mM Na3VO4, 1.5 nM Calyculin A, and protease inhibitors.

2.6. Protein concentration determination

The protein concentration was determined by Lowry method
[31], using bovine serum albumin as a standard.

2.7. Western blot analysis

b-catenin, active-b-catenin, p-Smad2/3, Smad7 and Smad4
proteins were detected in cytosolic and nuclear extracts (15 mg of
protein per lane). Cytochrome c and PCNA proteins were analyzed
in cytosolic and nuclear extracts, respectively (15 mg of protein per
lane). Frizzled7 receptor was explored in total cell lysates (25 mg of
Fig. 1. Antiproliferative effects of IFN-a2b and TGF-b1 on HCC cell lines.

Proliferation assay was evaluated over 6 days (A: C3A, B: Huh7) by treating HCC cells w

Results are expressed in percent values at day 6 with control cells arbitrarily considered 1

probed as loading control. Densitometric analysis was performed and results are expr

significance symbols were omitted in A and B figures in order to avoid confusion. C: contr

plus TGF-b1, TGF: cells treated with TGF-b1, C3: C3A HCC cell line, HU: Huh7 HCC ce
protein per lane). Samples were resolved by SDS-PAGE and
electroblotted onto polyvinyl difluoride (PVDF) membranes
(PerkinElmer Life Sciences, Boston, MA, USA). Immunoblots were
blocked and incubated overnight at 4 8C with the primary antibody
(1:2000 for anti-b-catenin and anti-active-b-catenin; 1:300 for
anti-p-Smad2/3; 1:500 for anti-Smad7 and anti-PCNA; 1:1000 for
anti-Smad4; 1:3000 for anti-Cytochrome c and anti-Frizzled7).
Finally, they were incubated with peroxidase-conjugated second-
ary antibody (1:2000, Thermo Fisher Scientific, Rockford, IL, USA)
and bands were detected by enhanced chemiluminescence (ECL)
detection system (Thermo Fisher Scientific). The immunoreactive
bands were quantified using the Gel-Pro Analyzer software (Media
Cybernetics, Silver Spring, MD, USA). Equal loading and transfer-
ence of protein was checked by detection of b-actin and by
Ponceau S staining (latter data not shown) of the membranes. The
purity of cytosolic and nuclear extracts was confirmed by detecting
a-tubulin and Histone H1, respectively (5 mg of protein per lane).

2.8. Co-immunoprecipitation assay

500 mg of total cell lysates was subjected to immunoprecipita-
tion with 3 mg of anti-TCF4 antibody. Proteins bound to Protein A-
Sepharose1 beads (P3391; Sigma–Aldrich Corp., St. Louis, MO,
USA) were washed and resolved by 12% SDS-PAGE. Gels were
blotted onto PVDF membranes and incubated with specific
primary and secondary antibodies at appropriate dilutions. The
immunoreactive bands were detected as described above.

2.9. Statistical analysis

Results were expressed as mean � SE. Significance in differences
was tested by one-way ANOVA, followed by Tukey’s test. In the case of
ith IFN-a2b (100,000 U/mL), TGF-b1 (2 ng/mL) or a combination of both cytokines.

00% (C: C3A, D: Huh7). E) PCNA levels were assessed in nuclear extracts. b-actin was

essed in percent values with control cells arbitrarily considered 100%. Statistical

ol (untreated) cells, IFN: cells treated with IFN-a2b, I + T: cells treated with IFN-a2b

ll line. Mean � SE; n � 4. *p < 0.05 vs. C, #p < 0.05 vs. IFN, ¤p < 0.05 vs. I + T.



Fig. 2. Apoptosis induction in HCC cell lines after treatments with IFN-a2b and TGF-

b1.

Caspase-3 activity was measured in cytosolic fractions and expressed in percent

values with control cells arbitrarily considered 100%, for C3A (A) and Huh7 (B) cell

lines. (C) Cytochrome c levels were detected in cytosolic fractions. b-actin was probed

as loading control. Densitometric analysis was performed and results are expressed in

percent values with control cells arbitrarily considered 100%. C: control (untreated)

cells, IFN: cells treated with IFN-a2b, I + T: cells treated with IFN-a2b plus TGF-b1,

TGF: cells treated with TGF-b1, C3: C3A HCC cell line, HU: Huh7 HCC cell line.

Mean � SE; n � 4. *p < 0.05 vs. C, #p < 0.05 vs. IFN, ¤p < 0.05 vs. I + T.
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Wnt3a experiment, significance in differences was tested by
Student’s t-test. Differences were considered significant when the
p value was <0.05.

3. Results

3.1. IFN-a2b and TGF-b1 treatments cause a diminution in HCC cell

lines proliferation

Both C3A and Huh7 cell lines treated with IFN-a2b, TGF-b1 and
the combination of both factors, significantly reduced cellular
proliferation compared with untreated cells, from the third day of
treatment onwards (Fig. 1A and B). At day 6 (Fig. 1C and D) there
were significant differences between all treatments in both cell
lines.

On the other hand, we also quantified PCNA, by western blot.
PCNA is an auxiliary protein of DNA polymerase d that is essential
for DNA replication during S-phase [32]. Treatments with IFN-a2b
and/or TGF-b1 during 48 h significantly decreased PCNA protein
levels in nuclear extracts of both HCC cell lines (Fig. 1E).

3.2. IFN-a2b and TGF-b1 treatments trigger the apoptotic

mechanism in HCC cell lines

We evaluated activity of Caspase 3 [33] and mitochondrial
release of Cytochrome c [34] as parameters of the apoptotic
mechanism triggered by treatments.

As shown in Fig. 2A and B 48 h of treatment with IFN-a2b and/
or TGF-b1 significantly increased Caspase 3 activity compared
with untreated cells. Also, we observed significant differences
between all treatments on the enzyme activity.

Furthermore, the content of Cytochrome c protein significantly
increased in cytosolic extracts of C3A and Huh7 after 48 h of
stimulation with IFN-a2b and/or TGF-b1 (Fig. 2C). As can be seen
from the figure, the combined treatment produces the greatest
increment in Cytochrome c protein levels (as well as the highest
Caspase 3 activities).

3.3. Attenuation of Wnt/b-catenin pathway by IFN-a2b and TGF-b1

cytokines in HCC cell lines

HepG2/C3A cells harbor two species of b-catenin: wild-type
92-kDa form, and a more prominent truncated 75-kDa form that
lacks phosphorylation sites critical for degradation. Thus, HepG2
presents abnormal activity of Wnt/b-catenin signaling since the
truncated form cannot be inactivated [35]. In addition, it was found
that HepG2 over-express the Frizzled7 receptor, by comparing
mRNA levels with those found in normal liver [7].

On the other hand, Huh7 presents an aberrant pathway by
having contents of Frizzled7 mRNA and protein much higher than
that of HepG2, which activates the signaling in the presence of
wild-type b-catenin [7,36].

Cytoplasmic and nuclear accumulation of b-catenin is a main
characteristic of Wnt/b-catenin signaling dysregulation. Since the
defective activation is accomplished by an unphosphorylated b-
catenin, expression of b-catenin and active-b-catenin (unpho-
sphorylated on Ser37 or Thr41) was analyzed by western blotting
in cytosolic and nuclear extracts of C3A and Huh7 after 48 h of IFN-
a2b and/or TGF-b1 stimulation.

As shown in Fig. 3, levels of b-catenin (A and B) and active-b-
catenin (C and D) significantly decreased after all treatments in
cytosolic and nuclear extracts of both HCC cell lines. Additionally,
in the case of C3A, this behavior was found not only for the wild-
type form but also for the truncated form of b-catenin (Fig. 3A).

Because Frizzled7 receptor over-expression implies an activat-
ed Frizzled7-mediated Wnt/b-catenin signaling, we also chose to
evaluate the effect of 48 h IFN-a2b and/or TGF-b1 treatment on
the level of this receptor. As can be seen from Fig. 3E, Frizzled7
protein contents significantly decreased with all treatments in
total cell lysates of both HCC cell lines.

3.4. IFN-a2b and TGF-b1 cytokines lead to a decrease of Smads

proteins levels in HCC cell lines

The next step was to investigate the effects of IFN-a2b and TGF-
b1 on the Smads intermediates. Both HCC cell lines express TGF-
b1 surface receptors and Smads proteins and thus present a
functional TGF-b1/Smads pathway [10,37].

Currently, the outcome of TGF-b1 stimulation on Smads levels
has only been studied in the first hours of treatment. Therefore, we
decided to determine the actions on Smads proteins after 48 h of
treatment, when significant changes on proliferative and apoptotic
mechanisms are installed (see previous results in Sections 3.1 and
3.2).

The amounts of phosphorylated Smads2 and 3, Smad4 and
Smad7, significantly decreased in cytosolic and nuclear extracts of
both HCC cell lines treated during 48 h with IFN-a2b and/or TGF-
b1 when comparing with those found in no treated cells (Fig. 4).

3.5. Treatments with IFN-a2b and TGF-b1 trigger the b-catenin/

TCF4/Smads nuclear complex dismantling in HCC cell lines

To analyze TCF4/b-catenin and TCF4/Smads associations under
the effects of cytokine treatments, whole cell lysates were



Fig. 3. IFN-a2b and TGF-b1 effectively attenuate Wnt/b-catenin signaling cascade in HCC cell lines.

Levels of b-catenin (A: C3A, B: Huh7) and active-b-catenin (C: C3A, D: Huh7) were explored in cytosolic and nuclear extracts. Frizzled7 receptor levels (E)

were evaluated in total cell lysates. In all cases b-actin (F) was probed as loading control. The purity of cytosolic and nuclear extracts was confirmed by detecting a-

tubulin and Histone H1, respectively (G). Densitometric analysis was performed and results are expressed in percent values with control cells arbitrarily

considered 100%. C: control (untreated) cells, IFN: cells treated with IFN-a2b, I + T: cells treated with IFN-a2b plus TGF-b1, TGF: cells treated with TGF-b1, CY:

cytosolic extract, NU: nuclear extract, LY: total cell lysate, wt: wild-type b-catenin, t: truncated b-catenin, C3: C3A HCC cell line, HU: Huh7 HCC cell line. Mean � SE;

n � 4. *p < 0.05 vs. C.

M.P. Ceballos et al. / Biochemical Pharmacology 82 (2011) 1682–16911686



Fig. 4. Decline in Smads proteins levels by IFN-a2b and TGF-b1 treatments in HCC cell lines.Levels of p-Smad2/3 (A: C3A, B: Huh7), Smad4 (C: C3A, D: Huh7) and Smad7 (E:

C3A, F: Huh7) were measured in cytosolic and nuclear extracts. In all cases b-actin (G) was probed as loading control. Densitometric analysis was performed and results are

expressed in percent values with control cells arbitrarily considered 100%. C: control (untreated) cells, IFN: cells treated with IFN-a2b, I + T: cells treated with IFN-a2b plus

TGF-b1, TGF: cells treated with TGF-b1, CY: cytosolic extract, NU: nuclear extract, p-2: phosphorylated form of Smad2 protein, p-3: phosphorylated form of Smad3 protein,

C3: C3A HCC cell line, HU: Huh7 HCC cell line. Mean � SE; n � 4. *p < 0.05 vs. C.

M.P. Ceballos et al. / Biochemical Pharmacology 82 (2011) 1682–1691 1687



Fig. 5. Treatments with IFN-a2b and TGF-b1 prevent the assembly of b-catenin/TCF4/Smads nuclear complex in HCC cell lines.

Proteins from total cell lysates were immunoprecipitated (IP) with anti-TCF4 and were analyzed by immunoblotting (IB) with anti-b-catenin, anti-p-Smad2/3, anti-Smad4

and anti-Smad7 antibodies. C: control (untreated) cells, IFN: cells treated with IFN-a2b, I + T: cells treated with IFN-a2b plus TGF-b1, TGF: cells treated with TGF-b1, wt:

wild-type b-catenin, t: truncated b-catenin, p-2: phosphorylated form of Smad2 protein, p-3: phosphorylated form of Smad3 protein.
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subjected to immunoprecipitation with anti-TCF4 antibody.
Treatments with IFN-a2b and/or TGF-b1 during 48 h attenuate
the binding of TCF4 factor with b-catenin and with p-Smad2/3,
Smad4 and Smad7 (Fig. 5).

3.6. Wnt3a treatment produces an increment in Smads proteins levels

in HCC cell lines

Since 48 h cytokines stimulation of HCC cell lines led to a
decrease in Smads levels, we wanted to explore the possibility that
Smads proteins levels could be modulated by Wnt/b-catenin
pathway status. For achieving this, we performed a treatment with
recombinant Wnt3a to increase b-catenin levels. If our hypothesis
was correct, we should find an increase in the contents of Smads
proteins.

As speculated, 48 h of Wnt3a treatment not only significantly
increased the amount of active-b-catenin protein (Fig. 6A) but also
the contents of Smads proteins (Fig. 6B–D) in cytosolic and nuclear
extracts of both HCC cell lines. In addition, Wnt3a treatment also
caused a significant increment in PCNA protein levels in nuclear
extracts of C3A and Huh7 cells (Fig. 6E).

4. Discussion

While Wnt/b-catenin signal cascade is an important player in
liver development and growth, it is also known for its oncogenicity
in HCC [1]. It has been increasingly important to understand the
mechanisms underlying inhibition of growth and induction of
apoptosis in cancer cells. In this way, both IFN-a and TGF-b
present anti-proliferative and pro-apoptotic properties [9,19,20]
and may serve as therapeutic strategies for HCC.

On the other hand, involvement of Wnt/b-catenin and TGF-b/
Smads signaling in embryonic development, tissue homeostasis,
and pathologic conditions suggests that these pathways may
function within a complex interdependent and mutually regulat-
ing network.

Taking these data together, the elucidation of the signals
induced by IFN-a and TGF-b in human liver tumor cells, and their
possible cross-talks with other intracellular signals, would have
relevance in the future design of therapeutic tools to balance the
cellular responses in favor of liver tumor suppression. To gain
mechanistic insights into these cooperative signals, we analyzed
the effects of IFN-a2b and TGF-b1 on Wnt/b-catenin pathway and
Smads intermediates in HepG2/C3A and Huh7 HCC cell lines.

To begin with this analysis, we assessed the impact of IFN-a2b
and TGF-b1 on cell proliferation and apoptosis. IFN-a2b or TGF-b1
stimulations not only decreased cellular proliferation but also
increased apoptotic cell death. The apoptotic and anti-proliferative
effects of both cytokines separately have already been reported in
HepG2 and Huh7 [37–39]. More interestingly, we demonstrated
here that the combined treatment increased these effects. Until
now, combined treatment with both cytokines has only been used
to analyze their impact on proliferation in human melanoma cell
lines [40].

Recently, the tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) was identified as an important mediator of TGF-b1-
[41] and IFN-a- [42] induced apoptosis in hepatoma cells. It is
likely that the effects described here may be mediated by TRAIL.
Further studies are needed to go deeper in the involved
mechanism.

Aberrant Wnt/b-catenin signaling in HCC is exemplified by b-
catenin over-expression or activation. As a consequence, unpho-
sphorylated b-catenin level is high in the cytoplasm and nuclei,
activating the transcription of several target genes [1,4]. In our
study, significant reductions of total and unphosphorylated b-
catenin were found in cytosolic and nuclear extracts of both HCC
cell lines after 48 h stimulation with IFN-a2b and/or TGF-b1.
Moreover, it was found that all treatments caused a drop in the
levels of b-catenin bound to TCF4 in these HCC cell lines. This
alteration in the composition of the nuclear complex could
implicate less transcription of Wnt/b-catenin target genes.

There is not much knowledge connecting IFN-a and Wnt/b-
catenin signaling. Masuda et al. [43] reported that the expression
and interaction between E-cadherin and b-catenin are potentially
modulated by IFN-a. Recently, Thompson et al. [44] found that
Pegylated-Interferon-a2a decreased the transcriptional activity of
b-catenin/TCF4 in HepG2 and Huh7, supporting the efficacy of
utilizing this interferon to inhibit Wnt/b-catenin pathway in HCC.

On the other hand, similarly to our results, treatment with TGF-
b1 during 48 h interferes with b-catenin/TCF4 binding in
chondrocyte cell cultures [45]. In another work, breast cancer
cells treated with TGF-b1 during 24 h showed a decrease in b-
catenin protein levels [15].

A potentially relevant observation in our study was the
diminution in the truncated form of b-catenin in C3A after
treatments. Since this form lacks the Ser/Thr residues that
participate in b-catenin phosphorylation by GSK-3b and CK1,
another mechanism has to be implicated in the attenuation of
Wnt/b-catenin signal by IFN-a and TGF-b in this HCC cell line.
Further analysis would be necessary to confirm this presumption.

Besides, given that it is proposed that Frizzled7 over-expression
is frequently implicated in hepatocarcinogenesis [7,8] we decided
to evaluate treatments effect on this receptor protein contents. As a
result of 48 h stimulation with IFN-a2b and/or TGF-b1, the
amount of Frizzled7 significantly decreased in total cell lysates of
C3A and Huh7. In this way, there are no published studies that have
analyzed the effect of these cytokines on Frizzled7 in HCC or others
types of cancer. In this connection, we described [27] that the
expression of this receptor was significantly increased at protein
and transcript levels in preneoplastic rat livers compared with
normal ones and that this increment was blocked in animals
treated with IFN-a2b. Nevertheless, since it was reported that
Frizzled7 is also a target gene of the Wnt/b-catenin signal cascade
[4], we cannot discard the possibility that the reduction found in



Fig. 6. Wnt3a treatment induces an increment in Smads and PCNA proteins levels in HCC cell lines.Levels of active-b-catenin (A), p-Smad2/3 (B), Smad4 (C) and Smad7 (D)

were measured in cytosolic and nuclear extracts. PCNA levels (E) were detected in nuclear extracts. In all cases b-actin (F) was probed as loading control. Densitometric

analysis was performed and results are expressed in percent values with control cells arbitrarily considered 100%. C: control (untreated) cells, IFN: cells treated with IFN-a2b,

I + T: cells treated with IFN-a2b plus TGF-b1, TGF: cells treated with TGF-b1, CY: cytosolic extract, NU: nuclear extract, C3: C3A HCC cell line, HU: Huh7 HCC cell line, p-2:

phosphorylated form of Smad2 protein, p-3: phosphorylated form of Smad3 protein. Mean � SE; n � 4. *p < 0.05 vs. C.
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Frizzled7 protein could be a consequence of treatments effect in
attenuating this pathway.

After recognition of the treatments impact on Wnt/b-catenin
pathway, we decided to analyze the effects of IFN-a2b and TGF-
b1 on Smads proteins: 48 h stimulation with IFN-a2b and/or
TGF-b1 caused a significant diminution in the levels of
phosphorylated Smads 2 and 3, Smad4 and Smad7 in cytosolic
and nuclear extracts of both HCC lines. Additionally, 48 h
stimulation of C3A and Huh7 cells with IFN-a2b and/or TGF-b1
attenuates the binding of TCF4 factor with Smads proteins. These
results were contrary to expectations, since the hallmark
characteristic of TGF-b1 signaling activation is the increment
of phosphorylated Smads 2 and 3 and their association with
Smad4 and the rise of Smad7. But the activation effect has only
been studied at the first hours of TGF-b1 treatment (generally at
30 min and 1 h) in HepG2 and Huh7 cells lines [10,46,47]. Thus,
it seems that the effect of longer TGF-b1 treatments modifies the
behavior of Smads proteins.
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Insufficient information is available concerning TCF4/Smads
association and their impact on carcinogenesis in HCC cell lines.
Labbé et al. [48] and Letamendia et al. [12] reported the interaction
between Smads 2, 3 and 4 and TCF/LEF in HepG2. Additionally, and
similar to our findings, treatment with TGF-b1 in HepG2 reduced
the amount of Smad4 protein bound to TCF/LEF and this was
associated with the capacity of TGF-b1 of inhibiting cell
proliferation [49]. In addition, to date, no study on IFN-a and
Smads has been carried out. More insight could be gained by
analyzing the amount of each Smad protein inside the b-catenin/
TCF4 nuclear complex, since all Smads coexist in this complex and
the balance between them could contribute to the overall cell
response by differently regulating gene expression as suggested by
Edlund et al. [17].

We treated HCC cell lines during 48 h with recombinant Wnt3a
in order to turn-on Wnt/b-catenin signaling. This stimulation
significantly increased the amounts of p-Smad2/3, Smad4 and
Smad7 in cytosolic and nuclear extracts of C3A and Huh7,
indicating that the activation of b-catenin signaling was triggering
the increase of Smads proteins levels at 48 h. In this connection,
Schohl and Fagotto [50] found an increase in p-Smad2 protein
when they generated the activation of b-catenin signaling in
Xenopus embryos. They concluded that the intensity and pattern
of p-Smad2 was strongly dependent on b-catenin during earlier
stages of Xenopus embryonic development. Knocking down b-
catenin may confirm the relationship between Smads and b-
catenin proteins levels.

In addition, we found an increase in PCNA protein levels after
Wnt3a treatment in nuclear extracts of C3A and Huh7. Given that
PCNA is essential for DNA replication during S-phase of cell cycle
[32] its increment after b-catenin accumulation is probably
accelerating DNA synthesis and promoting cellular proliferation.

Taken altogether, our findings clearly show a negative
modulation of IFN-a2b and TGF-b1 on Wnt/b-catenin pathway.
This attenuation was evidenced by a decrease in b-catenin and
Frizzled7 receptor proteins levels in C3A and Huh7 and by a
diminution in the amount of b-catenin bound to TCF4. Stimulation
with both cytokines also caused a decrease in Smads protein
contents and their association with TCF4. This treatments effect on
Smads proteins seems to be linked to the decrease of b-catenin.
Finally, the inhibition of b-catenin/TCF4/Smads complexes forma-
tion may have a critical role in slowing down oncogenesis, since
the overall action of IFN-a2b and/or TGF-b1 treatments on both
HCC cell lines was the diminution in cellular proliferation and
increase in apoptotic cell death.

In conclusion, our results support the efficacy of inhibiting Wnt/
b-catenin pathway in HCC cell lines through an IFN-a2b and TGF-
b1 combined treatment, proving that is effective against either
wild-type or truncated b-catenin. These findings open a wide
therapeutic option for patients with HCC.
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