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The antiepileptic drug phenobarbital (PB) exerts hepatic effect based on indirect activation of the
constitutive androstane receptor (CAR) via inhibition of the epidermal growth factor receptor (EGFR) and
the kinase Src. It has furthermore been observed that in mice PB suppresses the growth of hepatocellular
carcinoma with overactive signaling through the oncogenic Wnt/b-catenin pathway, thus suggesting an
interference of PB with b-catenin signaling. The present work was aimed to characterize effects of PB on
b-catenin signaling at different cellular levels and to elucidate molecular details of the interaction of PB
and b-catenin in an in vitro system of mouse hepatoma cells. PB efficiently inhibited signaling through
b-catenin. This phenomenon was in-depth characterized at the levels of b-catenin protein accumulation
and transcriptional activity. Mechanistic analyses revealed that the effect of PB on b-catenin signaling
was independent of the activation of CAR and also independent of the cytosolic multi-protein complex
responsible for physiological post-translation control of the b-catenin pathway via initiation of
b-catenin degradation. Instead, evidence is provided that PB diminishes b-catenin protein production by
inhibition of protein synthesis via signal transduction through EGFR and Src. The proposed mechanism is
well in agreement with previously published activities of PB at the EGFR and Src-mediated regulation of
b-catenin mRNA translation. Inhibition of b-catenin signaling by PB through the proposed mechanism
might explain the inhibitory effect of PB on the growth of specific sub-populations of mouse liver tumors.
In conclusion, the present data comprehensively characterize the effect of PB on b-catenin signaling in
mouse hepatoma cells in vitro and provides mechanistic insight into the molecular processes underlying
the observed effect.

1. Introduction

Phenobarbital (PB) is an antiepileptic drug due to its interfer-
ence with g-aminobutyric acid (GABA)-dependent neurotrans-
mission (Macdonald and McLean, 1986). PB is capable of inducing
tumors in rodents by a non-genotoxic mechanism via activation of
the constitutive androstane receptor (CAR) and also involving cell–
cell communication via the gap junction protein connexin 32
(Cx32) (Moennikes et al., 2000; Yamamoto et al., 2004). For a

detailed overview of the toxicological properties of PB please refer
to IARC (2001). Human relevance of tumorigenicity of PB through
CAR activation is subject of an ongoing controversial debate
(Braeuning, 2014; Braeuning et al., 2014, 2015; Braeuning and
Schwarz, 2016; Elcombe et al., 2014; Yamada et al., 2014).

Despite decades of research on PB effects and CAR activation,
the mechanism for the indirect activation of CAR by PB had not
been elucidated until a few years ago (Mutoh et al., 2013): PB
activates CAR via inhibition of the epidermal growth factor
receptor (EGFR). This leads to diminished activity of the kinase
Src, which in turn impacts on the phosphorylation of RACK1, thus
enabling non-phosphorylated RACK1 to activate protein phospha-
tase 2A (PP2A) leading to dephosphorylation of CAR. Non-
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phosphorylated CAR then translocates to the nucleus and initiates
pleiotropic transcriptional responses related to hepatocyte prolif-
eration, hypertrophy and apoptosis, but also to xenobiotic
metabolism and energy homeostasis. Cellular functions of CAR
have e.g. been reviewed by Qatanani and Moore (2005) and by
Whysner et al. (1996).

While chronic administration of PB to mice promotes the
outgrowth of certain particular hepatoma sub-populations under
appropriate experimental conditions, other tumor sub-popula-
tions, characterized by their individual tumorigenesis-driving
genomic mutations and corresponding gene expression profiles,
are significantly inhibited by PB in their growth, thus making the
substance more a tumor selector than a tumor promoter
(Braeuning and Schwarz, 2016): the formation of hepatocellular
carcinoma (HCC) driven by pronounced activation of the canonical
Wnt/b-catenin signaling pathway is inhibited by PB in a mouse
model of hepatic APC (adenomatous polyposis coli protein)
deficiency (Braeuning et al., 2016). Canonical Wnt/b-catenin
signaling is one of the most prominent oncogenic signaling
cascades and frequently activated in human as well as rodent
tumors. Genomic alterations in different critical components of the
cascade, for example in Ctnnb1 (encoding b-catenin) or Apc
(encoding a negative regulator of b-catenin) lead to constitutive
activation of the pathway. This contributes to tumor growth by
triggering the expression of downstream target genes related to
proliferation and tumorigenesis as reviewed by Lustig and Behrens
(2003). Physiologically, the activity of the pathway is mainly
regulated by post-translational modifications of b-catenin which
impact on the degradation of the protein: phosphorylation of
b-catenin at residues near the N-terminus by a cytosolic multi-
protein complex which consists, amongst others, of APC and
glycogen synthase kinase 3b (GSK3b), primes the protein for
subsequent proteasomal degradation. This process is blocked by
inhibition of GSK3b or the proteasome, or by Ctnnb1 mutations
that eliminate the critical phosphorylation sites; inhibition of
b-catenin degradation activates the pathway and leads to cytosolic
accumulation and nuclear translocation of free, transcriptionally
active b-catenin (Lustig and Behrens, 2003). Of note, b-catenin
regulation might also occur via altered transcription of the Ctnnb1
gene (Gosens et al., 2010). Interestingly, the HCC from the
abovementioned mouse model are defective in b-catenin degra-
dation due to their lack of functional APC, but additionally exhibit
strongly increased Ctnnb1 mRNA levels which also seem to
contribute to b-catenin activation in this particular tumor type
(Braeuning et al., 2016). Another mechanism of regulation is via
enhanced translation of Ctnnb1 mRNA, a process which is mediated
by Src kinase which phosphorylates the eukaryotic initiation factor
4E via extracellular signal-regulated kinase (ERK)-dependent
signaling and thus regulates b-catenin protein levels by altering
its synthesis, not its degradation (Karni et al., 2005). Moreover,
mouse liver tumors with activated mitogen-activated protein
kinase (MAPK)/ERK signaling due to activating mutations in the
Ha-ras proto-oncogene upstream of ERK are also efficiently
inhibited by PB (Aydinlik et al., 2001; Moennikes et al., 2000).

HCC from the APC-deficient mouse model described above are
repressed by PB despite an almost complete lack of CAR expression
(Braeuning et al., 2016). Moreover, MAPK-activated mouse liver
tumors exhibit reduced expression of CAR, as compared to normal
hepatocytes (Jaworski et al., 2007), and react less sensitive to PB
stimulation with regard to the induction of CAR target genes
related to xenobiotic metabolism (own unpublished data). It thus
appears likely that CAR-independent effects mediate at least some
of the tumor-inhibitory effects of PB. As tumor growth is driven by
specific oncogenic signaling cascades, it appears plausible that PB
might interfere with such cellular signal transduction pathways to
inhibit the growth of certain tumor sub-populations. Interestingly,

data from a recent publication on PB inhibition of calpains, a family
of proteases, suggest an inhibition of b-catenin signaling by PB
(Groll et al., 2016a).

Therefore, this study was designed to provide an in-depth
analysis of the effects of PB on Wnt/b-catenin signaling in mouse
hepatoma cells in vitro and to unravel the underlying molecular
mechanisms.

2. Material and methods

2.1. Cell culture and treatment

Mouse hepatoma cells from line 70.4 (Groll et al., 2016a; Kress
et al., 1992), stably transfected with the 8 x b-catenin/TCF-driven
SuperTopFlash (STF) luciferase reporter vector (Braeuning et al.,
2007), and a 70.4-derived sub-clone stably transfected with a
doxycycline-inducible system for the expression of mutant,
constitutively active human b-cateninS33Y (termed “70.4Mo”;
Zeller et al., 2012) were cultivated in D-MEM/F12 medium
supplemented with 10% fetal calf serum and antibiotics as
previously described in the abovementioned publications. Identity
of the cell line was routinely confirmed by genetic analyses of the
pattern of mutations in different proto-oncogenes and tumor
suppressor genes according to Aydinlik et al. (2001), Jaworski et al.
(2005), and Kress et al. (1992). Mouse hepatoma cells from line
55.1c stably transfected with the STF reporter, Hepa1c1c7 mouse
hepatoma cells, and human HepG2 hepatoma cells were cultivated
under standard conditions as previously described (Braeuning and
Vetter, 2012; Luckert et al., 2016). Cells were seeded 24 h prior to
treatment. Treatment was performed with 3 mM PB (PB sodium;
dissolved in H2O; Sigma, Taufkirchen, Germany), 1 mM MG132
(dissolved in dimethyl sulfoxide (DMSO); Enzo Life Sciences,
Lausen, Switzerland), 15 mM LiCl (in H2O; Carl Roth, Karlsruhe,
Germany), 5 mM bortezomib (in DMSO; LC Laboratories, Woburn,
MA, USA), 1 mg/mL doxycycline (in H2O; Sigma), 20 mM iCRT3 (in
DMSO; Sigma), 10 mM TCPOBOP (1,4-Bis-[2-(3,5-dichloropyridy-
loxy)]benzene; in DMSO; Sigma), 10 mM PCB153 (2,20,4,40,5,50-
hexachlorobiphenyl; in DMSO; synthesized as described in Rignall
et al. (2013)), 2.5 mM BAPTA/AM (in DMSO with 20% pluronic 127;
Sigma), 25 mM PD150606 (in DMSO; Sigma), 50 mM Calpain
Inhibitor XI (in DMSO; Merck, Darmstadt, Germany), 10 mM Src
Inhibitor I (in DMSO; Sigma), 2 mM gefitinib (in DMSO; Sell-
eckchem, Munich, Germany), 2 mM erlotinib (in DMSO; kindly
provided by Dr. M. Toulany, University of Tübingen, Germany),
0.33 mM cycloheximide (in DMSO; Sigma), 10 mM saracatinib (in
DMSO; Selleckchem), 20 mM GABA (in H2O; Sigma), or 10 nM
okadaic acid (in DMSO; Merck) for the time frames indicated. The
choice of concentrations in the assays was based on previous use as
extracted from the literature, and/or based on initial cytotoxicity
testing with each substance. All compounds did not reduce
viability of the cell lines used, as determined by use of the Alamar
Blue and MTT cytotoxicity assays, and the highest non-cytotoxic
concentration from the more sensitive of the two assays was
chosen for treatment of cells.

2.2. Transfection

Cell transfection was performed by lipofection using Lipofect-
amine 2000 transfection reagent (Thermo Fisher Scientific,
Waltham, MA, USA) as previously described (Schulthess et al.,
2015). Cells were seeded 24 h prior to transfection and treated with
the chemicals mentioned above starting 24 h after transfection.
Signaling through b-catenin was monitored in HepG2, Hepa1c1c7,
and 70.4Mo cells by transient transfection of the b-catenin/TCF-
driven STF reporter vector (see Section 2.1). In stably STF-
transfected 70.4 cells, Src kinase was transiently expressed from
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two different vectors encoding, under the control of the
constitutively active cytomegaly virus (CMV) promoter, either
mouse wildtype Src or a point-mutated (S177A) version of the
protein with higher basal kinase activity (Kollmorgen et al., 2012).
Control cells were transfected with the respective amount of
empty vector backbone containing the CMV promoter but no Src
cDNA. The plasmid pRL-CMV (Promega, Mannheim, Germany)
providing CMV promoter-controlled expression of Renilla lucifer-
ase was transfected for normalization purposes in all transient
transfection experiments.

2.3. Luciferase reporter assay

Firefly luciferase activities from stably STF-transfected 70.4 and
55.1c cells were determined in cells stably transfected with the
SuperTopFlash reporter as previously described (Braeuning and
Vetter, 2012). Luciferase values were normalized to cell vitality, as
determined by use of the Alamar Blue assay. For transient
transfections of 70.4Mo or HepG2 cells, a dual-luciferase assay
was conducted and Firefly luciferase values were normalized to
Renilla luciferase values as previously described (Schulthess et al.,
2015). PB was checked for the absence of direct inhibition of the
Firefly luciferase enzyme.

2.4. Western blotting

Total cell lysates were prepared by lysis of cells at 4 �C in lysis
buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1% Triton-X-100, 1 x
Complete Protease Inhibitor cocktail (Roche, Mannheim,
Germany), 1 x phosphatase inhibitor cocktails II & III (Sigma),
and 1 U/mL benzonase DNAse (Merck)) for 30 min at 4 �C while
mixing gently. The lysates were centrifuged at 100,000 � g for
30 min at 4 �C. The supernatant was then transferred into a fresh
tube and protein concentration was determined by use of the DC
protein assay kit (Biorad, Munich, Germany) according to the
manufacturer‘s protocol. 25 mg protein per lane were separated by
sodium dodecyl sulfate gel electrophoresis and transferred to
nitrocellulose membranes using standard methodology. Ponceau S
staining of Western blots was used to confirm equal loading of the
individual lanes. Following incubation with a primary antibody
directed against b-catenin (BD Biosciences, Franklin Lakes, NJ,
USA; 1:1,000 dilution) and a HRPO-conjugated secondary antibody
directed against mouse IgG (Dianova, Hamburg, Germany;
1:4,000), SuperSignal West Pico Substrate (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used for signal generation. Images
were acquired using an ImageQuant LAS 4000 mini (GE Healthcare,
Chalfont St. Giles, UK).

2.5. Microsphere-based b-catenin assays

The microsphere-based b-catenin assay for the detection of
different molecular forms of b-catenin and for measuring protein–
protein interactions was performed as described previously (Groll
et al., 2015a, 2015b). In brief, the b-catenin bead array panel
employs antibodies and known interaction partners of b-catenin
to study the phosphorylation status of the protein and its
complexation status within the same multiplexed assay system.
Differentially phosphorylated versions of b-catenin are measured
by use of bead array-based sandwich immunoassays. By utilizing
different antibodies directed against specifically phosphorylated
versions of b-catenin (anti-non pSer33/Ser37/Thr41, anti-pSer33/
Ser37/Thr41, anti-pSer45, anti-pSer552 and anti-pSer675; all from
Cell Signaling Technology, Cambridge, UK) and a single pan-
specific anti-b-catenin antibody (R&D Systems, Wiesbaden,
Germany) serving as the capture molecule, it is possible to reliably

discriminate various phosphorylated b-catenin forms (Groll et al.,
2015b).

The recombinantly expressed binding partners of b-catenin,
ECT (E-cadherin cytosolic tail), ICAT (inhibitor of b-catenin), and
TCF4 (T-cell factor 4) are used as bait proteins in protein-protein
interaction assays for binding and detecting free cellular,
transcriptionally active b-catenin. In all assay set-ups, the same
antibody specific for the C-terminus of b-catenin (BD Biosciences)
is used as a detector. Generation of ECT-, ICAT-, and TCF-GST fusion
proteins and their utilization in microsphere-based protein-
protein interaction assays have been described in detail previously
(Groll et al., 2015a).

For analysis of potential disturbance of protein-protein
interactions by PB, the abovementioned GST fusion proteins were
immobilized on beads as described above and incubated with 0.1–
1 mg of purified b-catenin protein (generated as described in
Traenkle et al. (2015)) in assay buffer with up to 30 mM PB for 1 h.
Subsequent measurement was conducted as described above.

2.6. Pulsed SILAC assay and mass spectrometry

De novo formation of b-catenin was monitored by metabolic
labeling of b-catenin in 70.4 hepatoma cells by the pulsed stable
isotopically labeling method as described by Schwanhausser et al.
(2009). DMEM cell culture medium was prepared as described in
the aforementioned publication using 28 mg/L 13C615N4 arginine
plus 48 mg/L 13C615N2 lysine and 28 mg/L 13C6 arginine plus
48 mg/L D4 lysine (Euriso-Top, Saarbrücken, Germany) for heavy
and medium-heavy medium, respectively. After lysis of the
metabolically labeled cell cultures total protein levels were
quantified using a bicinchinonic assay protocol (Thermo Fisher
Scientific). 15 mg protein extract of each treatment time point was
mixed with the respective control. Enzymatic fragmentation was
performed as described earlier (Groll et al., 2016b). A trypsin-to-
protein ratio of 1:10 was applied. The b-catenin proteotypic
peptide TSMGGTQQQFVEGVR was immunoprecipitated using an
antibody generated towards the C-terminal sequence EVLR
according to Weiss et al. (2015). The b-catenin synthesis rate
was determined by measuring the newly synthesized metaboli-
cally labeled peptide variants 13C6 and 13C615N4 using targeted
Single-Ion-Monitoring (tSIM) on a QExactiveTM Plus (Thermo
Fisher Scientific). Raw data were evaluated using Pinpoint 1.4
(Thermo Fisher Scientific). Synthesis rate was determined by
calculating the peak area ratio of both isotopically labeled peptide
variants.

2.7. Immunofluorescent staining

Immunostaining of 70.4 cells fixed in ice-cold 4% aqueous
formaldehyde solution for 5 min was performed by the use of a
pan-specific antibody directed against b-catenin (BD Biosciences;
1:250 dilution; o/n incubation at 4 �C) in combination with a Cy3-
labeled secondary antibody directed against mouse IgG (Dianova,
Hamburg, Germany; 1:200 dilution; 2 h incubation at room
temperature). Immunofluorescence images were recorded on a
Zeiss AxioImager microscope (Zeiss, Jena, Germany) at 40 x
magnification in combination with AxioVision software (Zeiss)
at lexc = 550 nm and lemm= 570 nm.

2.8. Real-time RT-PCR

Total RNA was isolated using Trizol (Thermo Fisher Scientific)
and reverse transcribed by avian myeloblastosis reverse transcrip-
tase (Promega) using standard methodology as previously
published (Groll et al., 2016a). Real-time RT-PCR was conducted
on a LightCycler instrument (Roche) using SYBR Green I-based
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detection according to the manufacturer’s instructions as previ-
ously described (Groll et al., 2016a). The following primer pairs
were used: Axin2 fwd 50- CGACGCACTGACCGACGATT-30, Axin2 rev
50- TCCAGACTATGGCGGCTTTCC-30; CAR fwd 50-AACAA-
CAGTCTCGGCTCCAAA-30, CAR rev 50-AGCATTTCATTGCCACTCCC-
30; Ctnnb1 fwd 50-GCGTGGACAATGGCTACTCAAG-30, Ctnnb1 rev 50-
CCTGACCCTTTTCGGAACGAG-30; Cx32 fwd 50-
CTTGTGCCTCTTTACCTCTTCC-30, Cx32 rev 50-ACAGCGTCTGCTAT-
GACCATT-30; Cyp2b10 fwd 50-TACTCCTATTCCATGTCTCCAAA-30,
Cyp2b10 rev 50- TCCAGAAGTCTCTTTTCACATGT-30; Cyp2c fwd 50-
CTCCCTCCTGGCCCCAC-30, Cyp2c rev 50-GGAGCACAGCTCAGGAT-
GAA-30; RXRa fwd 50-ACATTGGGCTTCGGGACTGG-30, RXRa rev 50-
CTTGTTGTCTCGGCAGGTGTAGGT-30; 18 s rRNA fwd 50-CGGCTAC-
CACATCCAAGGAA-3‘, 18 s rRNA rev 5“-GCTGGAATTACCGCGGCT-3‘;
Gapdh fwd 5”-ACCACAGTCCATGCCATCAC-30, Gapdh rev 50-TCCAC-
CACCCTGTTGCTGTA-30; Actb fwd 50-TCTGGCACCACACCTTCTACA-
30, Actb rev 50-GGGGTGTTGAAGGTCTCAAAC-30. Data were normal-
ized based on the expression of the housekeeping gene and the
respective PCR efficiencies according to the method described by
Pfaffl (2001). 18 s rRNA was used as a housekeeping gene in all
assays. In order to substantiate findings on reduced Axin2
expression by PB, normalization to Gapdh or Actb was performed
in addition. The choice of the housekeeping gene did not impact on
the observed down-regulation of Axin2 mRNA (not shown). For
comparison, RNA from healthy liver tissue of an adult male
wildtype mouse from a previous study (Ganzenberg et al., 2013)
was used in some experiments.

2.9. Src kinase activity assay

For measurement of total cellular Src family kinase activity,
cells were lysed on ice in lysis buffer (150 mM NaCl, 10 mM
Na2HPO4, 2 mM EDTA) for 1 h. Insoluble cell debris was pelleted by
centrifugation (10,000 � g, 10 min, 4 �C) and protein concentration
of the supernatant was determined using the Bradford assay. 20 mg
of solubilized protein was then used with the ProFluor Src-Family
Kinase Assay (Promega) and assayed according to the manufac-
turer’s instructions.

2.10. Statistical analysis

Statistical significance of data was calculated using paired
Student’s t-test or, in case of n = 3, the Mann-Whitney-U test.
Significance was assumed at p < 0.05 and is indicated in the figures
by asterisks as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001. The
propagation of error for independent experiments was calculated
based on the Gaussian error propagation law.

3. Results

In the course of a recent analysis of PB effects on calpain
expression and activity it has been reported that PB inhibits
b-catenin signaling in mouse hepatoma cells in vitro (Groll et al.,
2016a). Neither a comprehensive description nor a mechanistic
interpretation of this phenomenon has been published in the
literature. It has also recently been shown that the outgrowth of
b-catenin-driven HCC is reduced by PB in a mouse model of HCC
(Braeuning et al., 2016). This was now followed up in order to
investigate the previously observed b-catenin-inhibitory effect of
PB in depth and to elucidate the underlying molecular mecha-
nisms. The 70.4 mouse hepatoma cell model has previously been
used in the recent study by Groll et al. (2016a) and has also been
successfully used in further previous studies of b-catenin-
dependent signaling in mouse hepatoma cells (Braeuning et al.,
2007; Zeller et al., 2012). We first characterized the cellular
responses to PB with regard to b-catenin protein levels. As 70.4

cells possess only low basal activity of the b-catenin pathway and
do not respond to stimulation of the pathway with the physiologi-
cal agonist Wnt3a, most likely due to a lack of expression of the
respective receptor, signaling through b-catenin was activated in
the cells by 1 mM of the proteasome inhibitor MG132 which leads
to elevated levels of b-catenin by impeding its degradation (cp.
Groll et al. (2016a)).

3.1. PB inhibits b-catenin accumulation, nuclear translocation, and
transcriptional activity

Immunocytochemical staining revealed that b-catenin was
mostly localized at the cell membrane in untreated cells, whereas
incubation with 1 mM MG132 for 24 h induced massive cellular
b-catenin accumulation and nuclear translocation (Fig. 1A), thus
representing a suitable in vitro correlate to the massive accumula-
tion of b-catenin in vivo in murine HCC (Braeuning et al., 2016).
When the b-catenin-activated 70.4 cells were now treated with PB
in order to mimic the PB effect on b-catenin-activated HCC in vivo,
the accumulation of b-catenin, however, appeared to be reduced in
the presence of 3 mM PB (Fig. 1A). Time-resolved Western blot
analysis of b-catenin protein levels revealed an increase following
treatment with MG132, along with the appearance of a second
band with slightly higher molecular weight representing ubiq-
uitinylated b-catenin which was no more degraded in the
proteasome (Fig. 1B). The increase observed after MG132
treatment was significantly counteracted by PB (Fig. 1B–C). This
observation was substantiated by detailed time-resolved analyses
of the differently phosphorylated versions of b-catenin (Fig. 2A–F),
demonstrating that PB approximately halved the MG132-mediated
increase of the different phospho-forms of b-catenin. Similarly, the
interaction of free cellular b-catenin with its known binding
partners GST-ICAT, GST-ECT, and GST-TFC4 was measured as a
surrogate for the cellular amount of free, transcriptionally active
b-catenin and found to be increased by treatment with MG132, an
effect which was again bisected in size by PB (Fig. 2G–I). The latter
protein-protein interactions were not altered by PB if recombinant
b-catenin was incubated with its immobilized interaction partners
in the presence of increasing concentrations of PB (up to 30 mM),
indicating that PB does not directly interfere with the analyzed
protein-protein interactions of b-catenin and that the assays were
not disturbed by direct effects of PB. Results confirmed that the
drug did not directly affect binding of b-catenin to its partners
(Appendix, Supplementary Fig. 1). Taken together, these data
indicate that PB reduces the expected MG132-induced increase in
b-catenin protein amounts and especially of free, transcriptionally
active b-catenin, which might result in reduced activity of Wnt/
b-catenin signaling.

Effects of PB on the b-catenin pathway were thus verified using
a luciferase reporter system driven by an array of 8 binding sites for
b-catenin/TCF (SuperTopFlash reporter, STF) and stably trans-
fected into 70.4 cells (Braeuning et al., 2007; Groll et al., 2016a).
Using MG132 or the alternative proteasome inhibitor bortezomib,
the reporter was dramatically induced by approximately 500-fold.
Following co-treatment of cells with a proteasome inhibitor and
3 mM PB, only about half of the induction caused by the
proteasome inhibitors alone was measured, which was a statisti-
cally significant reduction of the proteasome inhibitor effect
(Fig. 3A). PB was also able to statistically significant reduce basal
activity (i.e., in the absence of an inducer of the pathway) of Wnt/
b-catenin signaling by �50% (Fig. 3A). Inhibition of the STF
reporter by PB was verified using a total of 6 different stably STF-
transfected 70.4-derived cell clones (not shown). All depicted data
stem from the same cell line as used in Groll et al. (2016a) and also
previously employed in Braeuning et al. (2007). In order to switch
to a less unspecific way of b-catenin activation than proteasome
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inhibition, LiCl was used at a concentration of 15 mM. LiCl is
frequently used as an inhibitor of GSK3b and thereby inducer of
b-catenin protein stability and signaling (e.g. see its use on 70.4
cells in Braeuning et al. (2007)). LiCl activated the STF reporter
more moderately (�14-fold) than the proteasome inhibitors,
whereby activation was almost entirely blocked by PB with high
statistical significance (Fig. 3B). Inhibition of LiCl-induced STF
reporter signals by PB was clearly concentration-dependent
(Fig. 3B) and the degree of inhibition at 3 mM PB was comparable
to 20 mM of the model b-catenin/TCF inhibitor iCRT3 (Appendix,
Supplementary Fig. 2). Similar to what was observed in 70.4 cells,
inhibition of the STF reporter signal by PB was also observed in
Hepa1c1c7 and 55.1c mouse hepatoma, as well as in HepG2 human
hepatoma cells (not shown), indicating that the observed
inhibition of b-catenin by PB is not restricted to the 70.4 model.

3.2. b-catenin inhibition by is independent of known mediators of
hepatic PB effects

To firmly exclude involvement of the well-known cytosolic
b-catenin degradation complex in the inhibition of b-catenin
signaling by PB, a 70.4-derived subclone allowing for doxycycline-
dependent expression of mutant, constitutively active b-cate-
ninS33Y (Zeller et al., 2012) was used in an additional experiment.
The mutant b-cateninS33Y is resistant against degradation via the
cytosolic degradation complex. As shown in Fig. 3C, 3 mM PB

significantly inhibited basal and b-cateninS33Y-induced STF re-
porter activities, demonstrating that b-catenin inhibition by PB is
independent of the degradation complex. Inhibition of b-catenin
signaling was further confirmed at the mRNA level using the model
b-catenin target gene Axin2 as a surrogate for cellular b-catenin
transcriptional activity: basal Axin2 expression was significantly
inhibited by PB (Fig. 3D). Treatment with LiCl alone resulted in an
approximately 4-fold induction of Axin2 mRNA, which was almost
completely blocked by PB (Fig. 3D).

PB affects hepatocytes by activating CAR and besides CAR
activation, PB-mediated effects on liver cells are also connected to
Cx32 (see Section 1). We therefore analyzed whether CAR or Cx32
might be involved in the repression of b-catenin signaling by PB.
However, CAR was barely detectable at the mRNA level in 70.4 cells
and the model CAR targets Cyp2b10 and Cyp2c, physiologically
regulated by PB hepatocytes in vivo, were not induced in 70.4 cells
upon PB treatment, indicating a lack of functional CAR in 70.4 cells
(Appendix, Supplementary Fig. 3A). Accordingly, another model
CAR agonist, TCPOBOP, did not affect basal or LiCl-induced STF
reporter activities in a PB-like manner (Appendix, Supplementary
Fig. 3B). Similarly, treatment with the CAR agonist PCB153 did also
not mimic the activity of PB on STF reporter activities (not shown).
Cx32 mRNA expression was also barely detectable in 70.4 cells
(Appendix, Supplementary Fig. 3A) and accordingly, Cx32 protein
was not detectable by Western blotting or immunostaining (not
shown). Moreover, b-catenin inhibition by PB was also effective at
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Fig. 1. Phenobarbital (PB) blocks b-catenin accumulation and nuclear translocation in 70.4 mouse hepatoma cells. (A) 70.4 cells incubated with 0.1% DMSO (solvent control,
Ctr.), PB (3 mM), the proteasome inhibitor and b-catenin inducer MG132 (1 mM), or a combination of PB and MG132 for 24 h. Immunostaining was carried out using an
antibody against b-catenin together with a Cy3-labeled secondary antibody. Under normal conditions, b-catenin is mostly present at the cell membranes. Activation of the
pathway via the inhibition of b-catenin degradation by MG132 leads to cytoplasmic accumulation and nuclear translocation of b-catenin. This process is counteracted by
simultaneous incubation with MG132 and PB. (B) Western blotting analysis of b-catenin levels in 70.4 cells, with or without addition of MG132, or MG132 and PB. The time-
dependent increase in b-catenin protein levels by MG132 is counteracted by PB. Representative images (out of n = 3) are shown. Please note the formation of a second band of
higher molecular weight representing ubiquitinylated b-catenin. (C) Densitometric analysis of Western blotting data. Statistical significance (Mann–Whitney-U-test) is
indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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very low density (<20% confluency) of 70.4 cells, where cell–cell
contacts are not expected to play a major role (not shown). The
inhibitory effect of PB on the b-catenin signaling pathway is thus
independent of CAR and Cx32, the known mechanisms by which
PB is generally thought to affect hepatic cells.

Antiepileptic properties of PB are linked to its allosteric activity
at the GABAA receptor (Macdonald and McLean, 1986) and
interference with the GABAA receptor in the presence of GABA
might therefore in principle mediate the effect of PB on b-catenin.
Even though the presence of a functional GABAA receptor has not
been reported for hepatocyte-derived cell lines, inhibition of the
b-catenin pathway was thus also investigated in serum-free cell
culture to ensure the absence of GABA in the system, which might
be present at low levels in serum. This change in cell culture

conditions did not impact on the effect of PB on b-catenin activity,
as measured via the STF reporter assay (Appendix, Supplementary
Fig. 4). Furthermore, addition of 10 mM GABA, the physiological
agonist of the GABAA receptor, to the cell culture medium did not
mimic the activity of PB on basal or LiCl-induced STF luciferase
reporter signals (Appendix, Supplementary Fig. 4). This indicates
that the GABAA receptor does not play a role in the inhibition of the
b-catenin pathway by PB.

As PB has been described as an inhibitor of calpains and since
calpains are known modulators of b-catenin stability (Groll et al.,
2016a), the calpain inhibitors BAPTA/AM, PD150606, and Calpain
Inhibitor IX, were used in order to test whether calpain inhibition
would mimic the effects of PB on b-catenin signaling (cp. Groll
et al. (2016a) for proof of successful inhibition of calpain activity by
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Fig. 2. Time-resolved analysis of different post-translational modifications of b-catenin and of b-catenin interaction with known binding partners in 70.4 mouse hepatoma
cells, as detected by microsphere-based sandwich immunoassays. Cells were incubated for the indicated periods of time in the presence of 0.1% DMSO (solvent control; Ctr.),
MG132 (1 mM) or MG132 and PB (1 mM and 3 mM, respectively). Different b-catenin modifications were detected using a microsphere-based approach as described in the
Materials and Methods section. The assays were conducted with appropriate antibodies against different versions of b-catenin or with GST fusion proteins of known
b-catenin interaction partners used as bait proteins to detect free transcriptionally active b-catenin. The following b-catenin species were detected: (A) total b-catenin, (B)
b-catenin phospho-Ser33/Ser37/Thr41, (C) b-catenin non-phospho-Ser33/Ser37/Thr41, (D) b-catenin phospho-Ser45, (E) b-catenin phospho-Ser552, (F) b-catenin phospho-
Ser675, (G) interaction of free b-catenin with ICAT (GST-ICAT fusion protein), (H) interaction of free b-catenin with E-cadherin (GST-ECT), (I) interaction of free b-catenin with
TCF4 (GST-TCF4). Activation of b-catenin signaling by MG132 leads to an increase in all b-catenin species analyzed, which is diminished by simultaneous treatment of cells
with PB. Interaction of b-catenin with the known interaction partners GST-ICAT, GST-ECT, and GST-TCF4 is influenced in a similar manner, indicating an increase of free,
transcriptionally active b-catenin by MG132 and a reduction by PB. Mean +/� SD (n = 3) is shown.
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BAPTA/AM in 70.4 cells). However, basal as well as LiCl-induced STF
reporter activities were not significantly affected by the three
different calpain inhibitors (Fig. 4), indicating that calpains also do
not play a major role in the inhibition of b-catenin signaling by PB.

3.3. PB inhibition of b-catenin signaling involves EGFR and Src kinase

It has furthermore been reported that PB has an influence on the
activity of Src kinase via inhibition of the EGFR, followed by
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in triplicates or quadruplicates) are shown. Statistical significance (Student’s t-test) is indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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inhibition of Src and PP2A activation. Thus, 70.4 cells were
incubated with inhibitors of EGFR and Src in order to check for a
possible role of the two proteins in PB-mediated b-catenin
inhibition. As visualized in Fig. 5, chemical inhibition of EGFR by
2 mM gefitinib or erlotinib as well as of Src kinase by 10 mM Src
Kinase Inhibitor I or by 10 mM of the alternative Src inhibitor
saracatinib was able to suppress basal as well as LiCl-induced
b-catenin-dependent luciferase reporter activities similar to what
had been observed with PB. Inversely, two different expression
vectors encoding either mouse wildtype or mutated (R177A for
enhanced basal activity) Src kinase were equally able to increase
the b-catenin-dependent reporter signal when transfected into
70.4 cells (Fig. 5C). Even more interesting, Src transfection
significantly counteracted the effects of PB on b-catenin signaling
(Fig. 5C). PB also significantly reduced total cellular Src kinase
activity by approximately 20% (Fig. 5D). Please note that the
commercially available Src kinase assay targets the whole Src
kinase family which might lead to an underestimation of an
alteration of a single specific kinase from this family, which is

influenced by a test substance such as PB. Cell treatment with
10 nM of the PP2A inhibitor okadaic acid did not impact on the
inhibition of b-catenin signaling by PB (not shown). Altogether,
data suggest that PB inhibits b-catenin signaling most likely via
EGFR and Src, but not further via PP2A and CAR.

3.4. PB inhibits b-catenin protein synthesis

Inhibition of b-catenin signaling might be either due to
diminished production of the protein, or a consequence of
accelerated degradation. As the inhibitory effect of PB was
preserved when degradation-resistant mutant b-catenin was
expressed in the cells, when calpain proteases were inhibited, or
when b-catenin degradation was blocked by inhibition of the
proteasome or GSK3b, we suspected that decreased synthesis of
b-catenin in the presence of PB might underlie the observed effect.
On the one hand, altered Ctnnb1 (encoding b-catenin) mRNA
transcription has been reported to be involved in altered b-catenin
signaling in smooth muscle cells (Gosens et al., 2010). On the other
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Fig. 5. The inhibitory effect of PB on b-catenin signaling is mediated via EGFR and Src kinase, as measured after 24 h of incubation in 70.4 cells by use of the 8 x b-catenin/TCF-
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hand, Src kinase is capable of interfering with Ctnnb1 mRNA
translation into proteins thus regulating b-catenin signaling via
altered translation of the protein (Karni et al., 2005). A possible
effect of PB on the expression of Ctnnb1 mRNA in 70.4 cells was
investigated first. Treatment with 3 mM PB, however, did not affect
Ctnnb1 mRNA levels (Fig. 6A). In a subsequent experiment,
translation of b-catenin was blocked in 70.4 cells by incubation
of cells with 0.33 mM cycloheximide prior to addition of 3 mM PB
to the culture medium. Cellular amounts of total b-catenin were
determined using a microsphere-based approach. As expected, a
decrease in cellular levels of b-catenin was observed following
treatment with the ribosome inhibitor cycloheximide (Fig. 6B). No
additional decrease was visible when PB was applied to the cells
together with cycloheximide (Fig. 6B). In a final experiment, we
performed stable isotope labeling of newly synthesized proteins in
70.4 cells in order to determine the rate of b-catenin synthesis. De
novo b-catenin synthesis was compared in 70.4 cells treated either
with 1 mM MG132 to activate b-catenin signaling or with MG132
and 3 mM PB. These conditions were chosen in order to cover two
conditions where a very pronounced effect of PB on b-catenin-
dependent signaling had been observed in earlier experiments
(Figs. 1 and 2). As shown in Fig. 6C, synthesis of b-catenin was
approximately 35% lower in PB-treated cells 6 h after addition of
PB. This effect was transient, as evidenced by a recovery of the
b-catenin synthesis rate in PB-treated cells to a rate comparable to
that of untreated cells at 24 h after the start of treatment.

4. Discussion

The present data show that PB inhibits signaling through the
oncogenic b-catenin signaling pathway in hepatoma cells. While
b-catenin inhibition by PB has been mentioned as a secondary
finding in a single previous publication (Groll et al., 2016a), this is
the first study which provides an in-depth characterization of the
phenomenon and provides insight into the underlying molecular
mechanisms.

The inhibitory effect of PB on b-catenin was shown to be
independent of the nuclear receptor CAR and also independent of
the cell–cell communication protein Cx32, two major players
involved in the tumor-promoting effects of PB in rodents
(Moennikes et al., 2000; Yamamoto et al., 2004). PB acts on

b-catenin also independent of the GABAA receptor which mediates
the pharmacological effects of the barbiturate in the central
nervous system (Macdonald and McLean, 1986). Moreover,
inhibition of calpains does not seem to play a major role, even
though these proteases are regulated by PB (Groll et al., 2016a) and
generally capable of regulating b-catenin activity (Abe and
Takeichi, 2007). The regulation of b-catenin transcriptional
activity is mostly regulated by phosphorylation of certain amino
acid residues of b-catenin priming the protein for degradation via
the proteasome. Present experiments with mutant b-cateninS33Y

resistant to phosphorylation of b-catenin by the cytosolic multi-
protein complex, with an inhibitor of GSK3b, a key enzyme of this
complex, or with inhibitors of the proteasome demonstrate that
PB-mediated inhibition of b-catenin signaling is not mediated via
the classic b-catenin degradation pathway.

Instead, we thought of decreased b-catenin production in
response to cell treatment with PB. As no regulation of b-catenin
was detectable at the mRNA level, a reduced rate of protein
synthesis was considered. PB inhibits EGFR and by this way also the
multi-functional cellular kinase Src, which in turn affects the
activity of PP2A. This mechanism has been proposed to explain the
indirect activation of CAR by PB (Mutoh et al., 2013). Data from the
literature also convincingly show that Src activity increases the
translation of b-catenin protein at the ribosome (Karni et al.,
2005). This is mediated via the MEK/ERK pathway and phosphor-
ylation of eukaryotic initiation factor 4E (Karni et al., 2005). We
have now shown that EGFR inhibitors as well as Src inhibitors
mimic the inhibitory effect of PB on b-catenin signaling, while
over-expression of Src kinase counteracts the PB effect. PP2A
inhibiton, by contrast, did not impact on b-catenin signaling in our
experiments. This suggested that PB inhibits the b-catenin
pathway via the inhibition of EGFR and Src, followed by a Src-
downstream mechanism other than through PP2A and CAR. PB
acting through EGFR inhibition on b-catenin protein synthesis
might either act via Src kinase and MEK/ERK, or directly via the
MAPK signaling pathway without involvement of Src. The present
data demonstrate that the former pathway via Src kinase is
involved in the transmission of the PB signal (Fig. 7).

It should be noted that the functionality of EGFR with respect to
the induction of phosphorylation of its downstream kinase ERK by
the physiological EGFR agonist EGF has been shown in 70.4 cells
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Fig. 6. Altered de novo synthesis of b-catenin is involved in the inhibition of b-catenin signaling by PB in 70.4 cells. (A) Transcription of Ctnnb1 mRNA is not inhibited by 3 mM
PB following 24 h of incubation. (B) Blockade of ribosomal protein synthesis by 0.33 mM cycloheximide (Cyh) for the indicated periods of time decreases cellular b-catenin
protein levels, as detected by use of a microsphere-based sandwich immunoassay. A similar reduction is also observed following treatment with 3 mM PB. Of note, no
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synthesis of b-catenin protein is reduced in cells treated with 1 mM of the b-catenin activator MG132 and 3 mM PB, as compared to treatment with MG132 only. Data are
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before (Braeuning et al., 2007; Zeller et al., 2012). In the course of
these analyses, EGF treatment of 70.4 cells has been reported to
result in repression of b-catenin signaling (Braeuning et al., 2007),
a finding which at first glance might appear to conflict with present
results. Interactions of the b-catenin and MAPK pathways are
generally manifold and complex, involve multiple mutual feedback
loops, and are still not fully understood in detail (Zeller et al., 2013).
An interesting feature of MAPK signaling is that activation of the
same pathway can lead to entirely different, even opposed cellular
outcomes, a phenomenon which amongst others critically depends
on differences in amplitude and duration of signals through the
cascade (Alshamsan, 2011; Bluthgen, 2015; Bluthgen and Legewie,
2008; Kolch et al., 2005). It thus appears plausible that the MAPK
pathway behaves strikingly different with regard to its crosstalk
with b-catenin signaling, either following stimulation with EGF
causing a strong transient induction of only a few minutes, or
following continuous inhibition of EGFR by PB. Another factor
which might contribute to the seemingly paradoxical crosstalk
between the MAPK and b-catenin signaling pathways is the
complex biology of the EGFR, which activates or inactivates
different pathways, depending on the type of activator and on the
subsequent fate of the receptor with regard to internalization,
intracellular localization and interaction with other signaling
proteins (Tomas et al., 2014). Paradoxical activities have also been
reported for other signaling pathways. For example, activation of
b-catenin signaling in mouse hepatocytes induces expression of
the Cyp2b10 gene (Braeuning et al., 2011). Unexpectedly, expres-
sion of Cyp2b10 is also elevated when b-catenin signaling is
silenced in mouse hepatocytes by knockout of Ctnnb1 (Braeuning
et al., 2009; Ganzenberg et al., 2013).

The proposed mechanism by which PB inhibits b-catenin
signaling might be suited to explain the growth inhibition of
b-catenin-activated HCC in APC-deficient mice in the presence of
PB. The latter tumors are characterized by strongly elevated levels
of Ctnnb1 mRNA along with a deficiency in APC thus impeding
b-catenin degradation (Braeuning et al., 2016). Inhibition of de
novo b-catenin synthesis by PB in such a tumor cell might limit the
transcriptional activity of a crucial oncogenic driver cascade and
thereby impede growth of the tumor. On the other hand, despite
the fact that this topic is not in the major focus of this paper, one
might speculate that the more upstream part of the mechanism
might be used to explain PB-mediated growth inhibition of tumors
which express a mutationally activated RAS protein (Aydinlik et al.,
2001; Moennikes et al., 2000). Even though the MAPK is
constitutively activated downstream of the EGFR thus making it
impossible for PB to inhibit the pathway by reducing signal
transduction through the EGFR/RAS/MEK/ERK axis, EGFR inhibi-
tion followed by Src kinase inhibition might again feed into the
pathway downstream of the mutant RAS and thus reduce its
activity by circumventing the activated oncoprotein. The known
transcriptional inhibition of calpains by PB (Groll et al., 2016a)
might also be related to the signaling pathways delineated in Fig. 7,
as it has been reported that calpain transcription is mediated
through the transcription factor AP-1, which is amongst others
regulated by MAPK signaling (Asangani et al., 2008).

In conclusion, the present data clearly demonstrate an
inhibitory effect of PB on b-catenin signaling in mouse hepatoma
cells in vitro and provide mechanistic insight into the molecular
processes underlying this effect. The lowest concentration at
which we could observe a significant reduction in the activity of
the TCF reporter by PB was 0.3 mM (Li-stimulated cells), equivalent
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Fig. 7. Schematic representation of putative PB-induced changes in cellular signaling based on the results from the present study and based on previously published results on
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to �70 mg/mL. For comparison, the therapeutic steady state serum
level of PB as an anticonvulsant in humans is commonly reported
as 15–70 mg/mL (e.g. see Houghton et al. (1975)). We are aware of
the fact that this comparison does not include potential differences
in pharmacokinetic parameters, such as e.g. protein binding, which
may cause differences in the free concentrations of the drug
between in vivo and in vitro. Based on the present data, however,
we cannot exclude the possibility that b-catenin-inhibitory
concentrations of PB may be reached in patients. As mentioned
in the introduction section, PB inhibits the development of certain
liver tumor populations which lack CAR expression, like the
hepatoma cells used in the present study. Inhibitory effects
mediated by PB might therefore be expected, if present, in those
human tissues, where CAR levels are low.
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