
1521-0111/99/1/1–16$35.00 https://doi.org/10.1124/molpharm.120.000029
MOLECULAR PHARMACOLOGY Mol Pharmacol 99:1–16, January 2021
U.S. Government work not protected by U.S. copyright

Berberine Represses b-Catenin Translation Involving 4E-BPs in
Hepatocellular Carcinoma Cells s

Kanchan Vishnoi,1 Rong Ke,1 Karan S. Saini, Navin Viswakarma, Rakesh Sathish Nair,
Subhasis Das, Zhengjia Chen, Ajay Rana, and Basabi Rana
Department of Surgery, Division of Surgical Oncology (K.V., R.K., K.S.S., N.V., R.S.N., S.D., A.R., B.R.), University of Illinois
Hospital and Health Sciences System Cancer Center (S.D., A.R., B.R.), and Division of Epidemiology and Biostatistics, School of
Public Health (Z.C.), University of Illinois at Chicago, Chicago, Illinois; Biostatistics Shared Resource Core, University of Illinois
Cancer Institute, Chicago, Illinois (Z.C.); and Jesse Brown VA Medical Center, Chicago, Illinois (A.R., B.R.)

Received April 2, 2020; accepted October 2, 2020

ABSTRACT
Aberrant activation of Wnt/b-catenin axis occurs in several
gastrointestinal malignancies due to inactivating mutations of
adenomatous polyposis coli (in colorectal cancer) or activating
mutations of b-catenin itself [in hepatocellular carcinoma (HCC)].
These lead to b-catenin stabilization, increase in b-catenin/T-cell
factor (TCF)–mediated transcriptional activation, and target gene
expression, many of which are involved in tumor progression.
While studying pharmaceutical agents that can target b-catenin
in cancer cells, we observed that the plant compound berberine
(BBR), a potent activator of AMP-activated protein kinase
(AMPK), can reduce b-catenin expression and downstream
signaling in HCC cells in a dose-dependent manner. More in-
depth analyses to understand the mechanism revealed that
BBR-induced reduction of b-catenin occurs independently of
AMPK activation and does not involve transcriptional or post-
translational mechanisms. Pretreatment with protein synthesis
inhibitor cycloheximide antagonized BBR-induced b-catenin
reduction, suggesting that BBR affects b-catenin translation.
BBR treatment also antagonizedmammalian target of rapamycin
(mTOR) activity and was associated with increased recruitment
of eukaryotic translation initiation factor 4E–binding protein
(4E-BP) 1 in the translational complex, which was revealed by

7-methyl-cap–binding assays, suggesting inhibition of cap-
dependent translation. Interestingly, knocking down 4E-BP1
and 4E-BP2 significantly attenuated BBR-induced reduction of
b-catenin levels and expression of its downstream target
genes. Moreover, cells with 4E-BP knockdown were resistant
to BBR-induced cell death and were resensitized to BBR after
pharmacological inhibition of b-catenin. Our findings indicate
that BBR antagonizes b-catenin pathway by inhibiting
b-catenin translation and mTOR activity and thereby reduces
HCC cell survival. These also suggest that BBR could be used
for targeting HCCs that express mutated/activated b-catenin
variants that are currently undruggable.

SIGNIFICANCE STATEMENT
b-catenin signaling is aberrantly activated in different gastroin-
testinal cancers, including hepatocellular carcinoma, which is
currently undruggable. In this study we describe a novel mech-
anism of targeting b-catenin translation via utilizing a plant
compound, berberine. Our findings provide a new avenue of
targeting b-catenin axis in cancer, which can be utilized toward
the designing of effective therapeutic strategies to combat
b-catenin–dependent cancers.

Introduction
Hepatocellular carcinoma (HCC) is one of the most common

forms of gastrointestinal cancers and a major cause of cancer-
related death worldwide (Torre et al., 2015). A vast majority of
HCCs develop in the setting of chronic liver diseases and
cirrhosis. The first-lineFood andDrugAdministration–approved
therapy available for treating advanced, unresectableHCC is the
multikinase inhibitor sorafenib, which, despite some promising
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results (Llovet et al., 2008), is only effective for a few months.
More recently, immune checkpoint inhibitors (nivolumab and
pembrolizumab), several other multikinase inhibitors (lenvati-
nib, cabozantinib, regorafenib), and human monoclonal anti-
bodies (ramucirumab) have been approved as first- or second-line
therapies for advanced HCC (Pinyol et al., 2019; Caruso et al.,
2020). Despite this, the overall survival of patients is still not
significantly improved because of resistance. Newer and more
effective therapeutic approaches are necessary for combating
this deadly malignancy (Llovet and Bruix, 2008; Porta and
Paglino, 2010).
Among various pro-oncogenic pathways that are aberrantly

activated in HCC, Wnt/b-catenin signaling cascade is specif-
ically important. About 18.5% of HCCs harbor oncogenic
mutations of b-catenin gene (CTNNB1) (de La Coste et al.,
1998; Miyoshi et al., 1998; Russell and Monga, 2018;
Perugorria et al., 2019) leading to its activation (Nhieu
et al., 1999). This scenario is much higher in hepatoblastomas,
which harbor .50% CTNNB1 mutations. Mutations of ade-
nomatous polyposis coli (APC) or b-catenin itself (Morin et al.,
1997; Nhieu et al., 1999) or activation of Wnt signaling result
in stabilization of b-catenin (Korinek et al., 1997; de La Coste
et al., 1998) with increased nuclear translocation, interaction
with transcription factors of the TCF/lymphoid enhancer
factor family, and induction of target gene transcription
(Bienz and Clevers, 2000; Cadoret et al., 2002), which include
cyclin D1, c-myc, matrix metalloproteinase-7, vascular endo-
thelial growth factor, B-cell lymphoma–extra large, survivin,
and glutamine synthetase (Vlad et al., 2008; Perugorria et al.,
2019). Several inhibitors that can antagonize key steps of
b-catenin/TCF axis have been developed, but none became
successful clinically, although some clinical trials are cur-
rently ongoing to test the efficacy of Wnt antagonists on
various liver diseases (Perugorria et al., 2019) and cancers
(Zhong and Virshup, 2020).
Berberine (BBR), an alkaloid extracted from herbal plants,

has been used in ancient Chinese medicine for a long time to
treat microbial infections and diarrhea, and BBR also pos-
sesses antidiabetic (Yin et al., 2008; Zhang et al., 2010) and
cholesterol-lowering effects (Kong et al., 2004; Krishan et al.,
2015). In addition, various studies have shown antineoplastic
properties of BBR in various cancers, such as colon cancer,
gastric cancer, breast cancer (Eom et al., 2008; Tillhon et al.,
2012; Kim et al., 2013; Wang et al., 2013; Zhang et al., 2013),
and others, including HCC (Tsang et al., 2015; Huang et al.,
2018). Despite these, the detailed in-depth mechanism by
which BBR antagonizes pro-oncogenic pathways in various
cancers is still unclear. BBR is also an activator of AMP-
activated protein kinase (AMPK) (Hawley et al., 2010), and
some reports suggest that the antineoplastic effects of BBR
are linked with AMPK activation (Kim et al., 2012; Park et al.,
2012; Yu et al., 2014; Li et al., 2015). Other studies, however,
have shown antagonism of b-catenin pathway as a potential
mechanism (Wu et al., 2012; Albring et al., 2013). A more
recent study has shown that BBR can antagonize Wnt/
b-catenin axis in colon cancer via inducing b-catenin protea-
somal degradation involving retinoid X receptor a (Ruan et al.,
2017).
Since b-catenin is a major pro-oncogenic axis in HCC and

there are no effective pharmaceutical options available yet,
the current studies were undertaken to determine whether
BBR antagonizes b-catenin signaling in HCC and to elucidate

the underlying mechanism. Our studies revealed that BBR
can antagonize b-catenin and its downstream signaling in
HCC in anAMPK-independentmanner. Instead, this involved
a novel, translational regulation via eukaryotic translation
initiation factor 4E (e1F4E) –binding protein (4E-BP) 1 and
4E-BP2, which are known inhibitors of cap-dependent trans-
lation. Treatment with BBR antagonized mammalian target
of rapamycin (mTOR) activity associated with reduced phos-
phorylated 4E-BP1 at Thr 37, 46 (p4E-BP1Thr37/46) levels and
promoted interaction between eIF4E with 4E-BP1. Knocking
down 4E-BP1 and 4E-BP2 significantly attenuated BBR-
induced reduction of b-catenin expression and downstream
signaling. In addition, cells with 4E-BP1 and 4E-BP2 knock-
down were resistant toward BBR-induced cell death and were
resensitized by pharmacological targeting of b-catenin with
inhibitor of b-catenin responsive transcription (iCRT-14).
Taken together, these studies reveal a novel translational
regulation of b-catenin, which contributes toward BBR-
induced HCC cell death.

Materials and Methods
Reagents and Antibodies. Dulbecco’s modified Eagle’s medium

(DMEM), DMEM/F12, minimum essential medium (MEM) and Opti-
MEM media, TRIzol, RNase solution, and LipofectAMINE 2000 were
purchased from Invitrogen (Carlsbad, CA); berberine was from Sigma
(St. Louis, MO); luciferase assay reagent was fromPromega (Madison,
WI); actinomycin D and iCRT-14 were from Tocris (Minneapolis, MN);
Lactacystin, MG-132, and cycloheximide were from Millipore Sigma
(Burlington, MA); 4EGI-1 was from Selleckchem (Houston, TX);
immobilized r-aminophenyl-m7GTP (C10-spacer) agarose beads were
from Jena Science (Jenna, Germany); propidium iodide (PI) and FITC
Annexin V Apoptosis Detection Kit were from BD Biosciences (San
Jose, CA); and JC-1 dye and rhodamine phalloidin were from Thermo-
Fisher Scientific (Waltham, MA). The antibodies used were obtained
from the following sources: poly (ADP-ribose) polymerase, caspase-3,
caspase 8, caspase 9, phosphorylated AMPK at Thr 172 (pAMPKT172),
total AMPK, AMPKa1 and AMPKa2, phosphorylated b-catenin at Ser
33, 37/Thr 41, cyclin D1, Axin2, c-Myc, p4E-BP1Thr37/46, 4E-BP1, 4E-
BP2, phosphorylated p70S6K at Thr 389 (p-p70S6KThr389), the 70-kDa
ribosomal protein S6 kinase, pAKTSer473, AKT, phosphorylated
GSK3b at Ser 9 (pGSKbSer9), GSKb, phosphorylated eIF4E at Ser
209, eIF4E, eIF4G1, eIF4G, cytochrome c, phosphorylated ACC at Ser
79, and Acetyl-CoA-carboxylase were from Cell Signaling Technolo-
gies (Danvers, MA); b-catenin was from BD Transduction Laborato-
ries; mitochondrial cytochrome c oxidase subunit IV was from abcam
(Cambridge, MA); and GAPDH was from Ambion Inc. (Austin, TX).

Cell Culture. HCC cells (Hep3B, HepG2) and HEK293 were
obtained from ATCC, and Huh7 cells were obtained as described
(Sureau et al., 1992; Senthivinayagam et al., 2009). Hep3B andHepG2
cells were maintained in MEM media supplemented with 10% FBS,
1% Pen/Strep, 1% HEPES, 1% sodium pyruvate, and 1% nonessential
amino acids; Huh7 cells were maintained in DMEM/F12 media with
10% FBS and 1% Pen/Strep; and HEK293 cells were maintained in
DMEM media with 10% FBS and 1% Pen/Strep. In BBR-related
experiments, cells were treated with 50 mM BBR (unless indicated
otherwise) for 16–24 hours followed by Western blot or quantitative
polymerase chain reaction (qPCR) analyses.

Preparation of Wnt3a-Conditioned Medium. L-Wnt3A
(ATCC CRL2647) cells and L cells (ATCC CRL2648) were obtained
from ATCC to prepare Wnt3a- and control-conditioned media, re-
spectively, as per manufacturer’s instructions. Cells were cultured in
DMEM media supplemented with 10% FBS and 0.4 mg/ml G-418 for
L-Wnt3a cells and 1% Pen/Strep for L cells. For Wnt3a-conditioned
medium (CM), cells were split in the ratio of 1:10 in 10 ml of DMEM
media without G-418 in 10-cm dishes and allowed to grow. After 4
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days, the first batch of CM was collected, and another 10 ml of fresh
media was added to the cells. The second batch of CM was collected
after 3 days, and cells were discarded thereafter. CM from two batches
wasmixed at 1:1 ratio, filtered using 0.22-mm filter, and stored at220°
C. Similarly, control CM was prepared by culturing L cells in DMEM
with 10% FBS and 1% Pen/Strep.

RNA Isolation and qPCR Analysis. qPCR analysis was per-
formed as described earlier (Viswakarma et al., 2017; Ke et al., 2018).
Briefly, total RNA was extracted from HCC cells treated with vehicle
(DMSO) or BBR using TRIzol reagent, and the integrity of 18S and
28S ribosomal RNA was assessed by gel electrophoresis. cDNA
synthesis was then performed using Superscript III First-Strand
Synthesis System kit (Invitrogen) and amplified using SYBR Green
Polymerase Chain Reaction (PCR) Master Mix (Applied Biosystems)
in ABI StepOnePlus detection system (Applied Biosystems). The PCR
cycling condition was set as follows: an initial denaturation step at 95°
C for 2 minutes, 40 cycles at 95°C for 15 seconds, and 60°C for
1 minute, finally subjecting to melting temperature to check amplifi-
cation curve. The relative changes in gene expression were estimated
using the 2–DDCtmethodusing 18S ribosomalRNAas a housekeeping
gene. The lists of primers used are included in Supplemental Table 1.

Transient Transfection and Luciferase Assays. Subconfluent
populations of cells were transiently transfected using LipofectAMINE-
2000 with b-catenin/TCF-responsive luciferase-reporter construct
(pGL3-OT) or the corresponding mutant construct (pGL3-OF)
along with b-galactosidase (b-gal) vector in the presence of empty
vector or b-catenin–expressing vector as reported earlier (Thylur
et al., 2011). b-catenin/TCF transcriptional activity was assessed
using luciferase reporters containing TCF sites linked to luciferase
reporter (pGL3-OT) and compared with a control reporter (pGL3-
OF), in which the TCF sites were mutated. These reporter
constructs were derived from the TOPFLASH and FOPFLASH
vectors, respectively, and obtained fromDr. Bert Vogelstein (Morin
et al., 1996; Korinek et al., 1997; Shih et al., 2000). Treatment with
vehicle or BBR was initiated after 48 hours of transfection and
luciferase and b-gal assays were performed using a luminometer
(Berthold Technologies, TriStar2 LB 942) and a microplate reader
(EPOCH2; BioTek), respectively. Each transfection was performed
in triplicate, and each experiment was repeated at least twice. The
results obtained were calculated as the ratio of relative light units
(RLUs) to b-gal values. For the luciferase assays with AMPKa1 or
AMPKa2 knockdown, cells were cotransfected as above in the
presence of control–small interference RNA (siRNA), AMPKa1-
siRNA, AMPKa2-siRNA, or AMPKa1+2-siRNA and analyzed
as above.

siRNA. siRNA smart pool against human AMPKa1 (L-005027-00)
and human AMPKa2 (L-005361-00) was purchased from Dharmacon
(Lafayette, CO). A negative control siRNA from Ambion Inc. was used
as control siRNA. siRNA transfection was performed using Lipofect-
AMINE 2000 as per the manufacturer’s instructions and as described
previously (Santha et al., 2015). Briefly, subconfluent cells plated in
35-mm plates were transfected with 50 nM of either control siRNA or
target siRNA for 24 hours followed by recovery in serum-containing
medium. The transfected cells were treated after 48–72 hours of
transfection with either DMSO or BBR for an additional 16 hours
followed by Western blot analysis.

Stable Cell Line Creation. Lentiviral particles containing hu-
man AMPKa1/2-shRNA (sc-45312-V) obtained from Santa Cruz Bio-
technologywas used to knock down endogenousAMPKa1/2 expressions
followingmanufacturer’s protocol as reported (Laderoute et al., 2014). A
control lentiviral preparation encoding a scrambled shRNA sequence
(sc-108080) was used as negative control. Briefly, subconfluent HCC
cells plated in 12-well plates were transduced overnight with lentiviral
particles (∼40,000–80,000 infectious units) in complete medium
containing polybrene (5 mg/ml), and this was followed by selection in
puromycin-containing medium. Puromycin-resistant colonies were
propagated and stored, and the degree of knockdown was determined
by Western blot analysis.

For creating the eIF4E-BP1 and eIF4E-BP2knockdown stable cells,
we used pLKO.1-CMV-puro-eIF4E-BP1-shRNA (TRCN0000040203)
and pLKO.1-CMV-neo-eIF4E-BP2-shRNA (TRCN0000117814) lenti-
viral constructs from Sigma. Lentiviral particles were produced as
described earlier (Das et al., 2019) by cotransfecting HEK293 FT cells
(Life Technologies) with either one of the lentiviral plasmids along
with psPAX2 and pMD2G packaging plasmids using LipofectAMINE
2000. Titrations were performed first to achieve a multiplicity of
infection of 0.3–0.5, and the infection efficiency was confirmed by
Western blots. Huh7 cells were then transduced with the lentiviral
particles as described above, and stable cell lines were selected using
both puromycin (for eIF4E-BP1 shRNA) and neomycin (for eIF4E-BP2
shRNA).

Cap-Binding Affinity Assay. Cap-binding affinity assay was
performed as described (Zhan et al., 2015) with modifications. Briefly,
cells treated with vehicle or BBR were lysed in NP40 lysis buffer
(20 mM Tris-HCl, pH 8.0; 150 mM NaCl; 2 mM EGTA, pH 8.0;
10% glycerol; 1% NP40; 50 mM b-glycero phosphate; 1 mM Na-
orthovanadate; 1 mM dithiothreitol; 1 mM phenylmethylsulfonyl
fluoride containing amixture of proteinase inhibitors). Equal amounts
of protein extracts were then added to the m7GTP agarose beads (30
ml) and incubated on a rotator for 3 hours at 4°, which was followed by
washing with NP40 lysis buffer four times. m7GTP-bound proteins
were then analyzed by Western blots.

Apoptosis Assay. Apoptosis assay was performed using FITC
Annexin V Apoptosis Detection Kit (BD Biosciences) as per manufac-
turer’s instructions. Cells seeded at a density of 1.5� 106 cells/plate in
35-mm plates were treated with BBR, iCRT alone, or both in
combination for various lengths of time. At the time of harvest, they
were trypsinized and distributed equally into two parts: one part was
used for apoptosis assay, and the other part was used for JC-1 assay
(described below). Cells for apoptosis assay were centrifuged at
2000 rpm for 5 minutes, washed once with ice-cold PBS, and washed
once with 1X binding buffer, and this was followed by resuspension in
100 ml 1X binding buffer and incubation with 5 ml each of Annexin V
and PI at room temperature in dark for 15 minutes. 1X binding buffer
(400 ml) was then added to each sample, and apoptosis assays were
performed using Gallios flow cytometer (Beckman Coulter). The data
were analyzed using FlowJo software.

JC-1 Assay. To determine changes in mitochondrial membrane
potential, a distinctive feature of early apoptosis, JC-1 assay was
performed as per manufacturer’s instructions. Cells harvested as
above were suspended in 1 ml of warm growth media, which was
followed by incubation in 2 mM JC-1 dye at 37°C in 5% CO2 incubator
for 15 minutes. Cells were then washed twice with PBS and
resuspended in 500 ml of PBS, and readings were acquired on Gallios
flow cytometer (Beckman Coulter) using 488-nm laser. JC-1 red
emission of healthy mitochondria was obtained at 590 nm, and the
green emission of apoptotic mitochondria (with reduced membrane
potential) was obtained at 530 nm. The data were analyzed using
FlowJo software.

Cell-Cycle Analysis. Cells seeded at a density of 0.6 � 106 cells/
plate in 35-mm plates were treated with BBR for different lengths of
time. At the time of harvest, theywerewashed in PBS, fixed in ice-cold
70% ethanol, and stored at 220°C overnight. Next day, the fixed cells
were washed twice with PBS and treated with 50 ml of RNase at room
temperature (stock 100 mg/ml). After 15 minutes, 200 ml of PI (stock
50 mg/ml) was added, and cell-cycle analysis was performed using
Gallios flow cytometer (Beckman Coulter). The data were analyzed
using FlowJo software.

Migration Assay. The effect of BBR on the cell migration was
determined using the ORIS cell migration assay kit (Platypus, NJ).
The ORIS cell migration assay was performed using a 96-well plate, in
which a “stopper” barrier was used to create a central cell-free
detection zone for cells to migrate. Briefly, cells at a density of
10,000 cells/well (in quadruplicate) were added to each well through
wedge of the stopper and allowed to grow overnight. Next day, the
stoppers were removed, and cells were washedwithmedia and treated
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with DMSO or BBR. The readings were taken by Celligo Imaging
Cytometer (Nexcelom Bioscience, MA) after 48 hours of BBR treat-
ment. Amount of cells migrated into the central migration zone was
used to calculate percent increase in migration.

Detection of Cytochrome c Release. To detect cytochrome c
release from mitochondria to cytoplasm, cells were separated into
cytoplasmic and mitochondrial fractions as described with modifica-
tions (Chandra et al., 2004). For cytoplasmic and mitochondrial
fractionation, cells washed with PBS were resuspended in homogeni-
zation buffer (20 mM HEPES, pH 7.5; 10 mM KCl; 1.5 mM MgCl2;
1 mM EDTA; 1 mM EGTA; 1 mM dithiothreitol; 250 mM sucrose) and
incubated on ice for 30 minutes with intermittent mixing. Cells were
then homogenized (with 10–12 strokes) in cold, and the homogenate
was centrifuged at 1000 rpm for 5 minutes at 4°C to remove nuclei,
cellular debris, and intact cells. The resultant supernatant was
collected and centrifuged at 12,000 rpm for 20 minutes at 4°C to
separate cytoplasmic fraction (as supernatant) and mitochondrial
fraction (as pellet). The cytoplasmic protein extracts were preserved,
and mitochondrial pellet was washed with homogenizing buffer twice
at 12,000 rpm for 10 minutes each at 4°C. The mitochondrial pellets
were resuspended in mitochondrial protein extraction buffer (50 mM
Tris-HCl, pH 7.4; 150 mMNaCl; 2 mM EDTA; 2 mM EGTA; 0.2% Tri-
ton X-100; 0.3% NP40; 2.5 mM phenylmethylsulfonyl fluoride; and
protease inhibitor cocktail). After incubation on ice for 10 minutes,
they were centrifuged at 12,000 rpm for 20 minutes at 4°C, and
mitochondrial proteins were collected as supernatant and preserved.
Both cytoplasmic and mitochondrial proteins were boiled and dena-
tured using Laemmli buffer and used for Western blotting.

Western Blot Analysis. Western blot analysis was performed
following procedures described previously (Pradeep et al., 2004;
Mishra et al., 2010). Briefly, equal amounts of total cell extracts were
fractionated by SDS-PAGE, transferred to polyvinylidene difluoride
membranes, and subjected to Western blot analysis utilizing various
antibodies. The bar graphs for most proteins represent the ratio of the
respective protein/GAPDH, and those for pAMPK represent the ratio
of pAMPK/total AMPK.

Statistical Analyses. All data were presented as mean with
6S.D. For determining significance between control (vehicle) and
BBR-treated samples, Student’s t test was performed and expressed
as *P # 0.05, **P # 0.01, ***P # 0.001, and ****P # 0.0001, with ns:
P . 0.05 not significant. The data of Supplemental Table 2 were
presented either as mean of the group with 95% confidence interval
(CI) or, for the key comparisons, the difference of means between
pairwise groups together with 95% CI of the difference using the pooled
S.E. Two or three-way ANOVA was employed to test the significance of
treatment group, vehicle type, or time. To control the overall type I error
at 0.05 for multiple tests, the Tukey’s follow-up tests were used for the
pairwise comparisons, and Dunnett’s tests were used instead to
compare each mean with the control mean. The results of ANOVA,
95% CI of difference, Tukey’s test, and Dunnett’s test have been
summarized in Supplemental Table 2.

Results
BBR Antagonizes b-Catenin Pathway in HCC Cells.

In an attempt to identify pharmacological agents that can
effectively target b-catenin, we determined the effect of BBR
on b-catenin axis in HCC. Treatment of HCC cells (Huh7 and
Hep3B) with BBR showed a dose- and time-dependent re-
duction ofb-catenin (Fig. 1, A–C), suggesting an antagonism of
this pathway. Interestingly, BBR treatment also reduced the
expression of mutated b-catenin in the HepG2 cells (Fig. 1D),
which is resistant to degradation via conventional APC/
GSK3b pathway. Treatment of HEK293 cells with BBR also
showed a dose-dependent reduction of b-catenin expression
(Supplemental Fig. 1A). To determine whether BBR can

antagonize b-catenin/TCF transcriptional activity and down-
stream target gene expression, luciferase assays were per-
formed with b-catenin/TCF–responsive reporter (pGL3-OT)
and the corresponding mutant (pGL3-OF) as reported (Thylur
et al., 2011). BBR suppressed OT-reporter activity in a dose-
dependent manner (Fig. 2, A and B) and antagonized
b-catenin target gene (Fig. 2D) and protein expression
(Fig. 2C; Supplemental Fig. 1B). These observations sug-
gested that BBRmight be an effective therapeutic approach to
target b-catenin in HCCs.
BBR Regulates b-Catenin Pathway Independent of

AMPK. Our earlier studies showed that BBR and TRAIL
combination–induced apoptosis is mediated via AMPK acti-
vation (Ke et al., 2018). BBR-induced activation of AMPK has
been reported by others as well (Lee et al., 2006). Treatment
with BBR also showed an increase in pAMPKT172 levels—
suggesting its activation mostly—during the time of b-catenin
reduction (Fig. 1; Supplemental Fig. 1, A andB). The reduction
of pAMPT172 observed with BBR at 24 hours is most likely due
to a reduction of total AMPK expression, as suggested by the
bar graphs of pAMPK/AMPK (Fig. 1A, lanes 7, 8). Results from
this study on BBR-induced activation of AMPK are consistent
with previous findings (Hawley et al., 2010; Li et al., 2015). To
determine whether AMPK was involved in BBR-induced
antagonism of b-catenin, AMPKa1 and AMPKa2 levels were
transiently knocked down using corresponding siRNAs. Sur-
prisingly, knocking down AMPKa was unable to restore
b-catenin expression in the presence of BBR (Fig. 3A;
Supplemental Fig. 2A). To confirm this further, HCC cells
with stable AMPKa1 and AMPKa2 knockdown were gener-
ated, which also showed BBR-induced reduction of b-catenin
in the absence of AMPKa1/a2 (Fig. 3, B andC). Similarly, BBR
reduced expression of b-catenin target proteins (cyclin D1 and
Axin2) even with AMPKa1/a2 knockdown (Fig. 3C). Further-
more, luciferase assays showed that BBR was capable of
reducing OT-luciferase activity in the absence of AMPKa1 and
AMPKa2 (Fig. 3D; Supplemental Fig. 2B). In addition,
treatment with various AMPK agonists, despite activating
AMPK pathway (Lin et al., 2017), was unable to reduce
b-catenin expression in each case (Supplemental Fig. 2C,
compare b-catenin and phosphorylated ACC at Ser 79 in
DMSO, BBR, salicylate, A769662). These suggested that BBR
can reduce b-catenin expression and antagonize its down-
stream signaling in an AMPK-independent manner.
BBR Regulates b-Catenin Expression at the Level of

Translation. We next focused on determining whether BBR-
induced reduction of b-catenin was at the level of transcrip-
tion, translation, or post-translation. Recently, BBR was
shown to target b-catenin post-translationally via a protea-
some-dependent pathway in colon cancer cells (Ruan et al.,
2017). Estimation of b-catenin mRNA expression with and
without BBR treatment showed no significant difference
(Fig. 4A) at a time when protein expression was reduced
significantly (Fig. 1A). In addition, BBR was able to reduce
b-catenin expression even in the presence of an inhibitor of
transcription, actinomycin D (Fig. 4B), suggesting this was
regulated independent of transcription. To determine the
possibility of a post-translational regulation mediated via
proteasomes, cells were pretreated with two different protea-
somal inhibitors, lactacystin and MG132 (Alao et al., 2006),
which were unable to rescue b-catenin expression after BBR
treatment (Fig. 4, C and D). Furthermore, the levels of
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Fig. 1. Treatment with BBR reduces b-catenin expression in HCC cells. (A) Huh7 HCC cells were treated with DMSO (2) or BBR 50 mM (+) for the
indicated time points and then harvested. Equal amounts of protein extracts were analyzed byWestern blots against the antibodies indicated. (B) Huh7,
(C) Hep3B, and (D) HepG2 cells were treated with DMSO (V) or increasing concentrations of BBR (10, 25, 50, 100 mM) for 16 hours and analyzed by
Western blots. b-catenin-FL and b-catenin-TR indicate full-length (FL) and truncated (TR) forms, respectively. The bar graphs represent the ratio of
various proteins/controls observed in theWestern blots. The data represent the mean6 S.D. of two to five independent experiments. Statistical analysis
was performed using Student’s t test and indicated as follows: ns, P . 0.05; *P # 0.05; **P # 0.01; ***P # 0.001; and ****P # 0.0001. MW, molecular
weight.
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Fig. 2. Treatment with BBR antagonizes b-catenin/TCF transcriptional activity and expression of target genes. (A) HEK-293 and (B) Huh7 cells were
transiently transfected with b-catenin/TCF–responsive reporter (pGL3-OT) or the corresponding mutant (pGL3-OF) along with empty vector (EV) or
b-catenin–expressing vector and treated with DMSO (2) or indicated concentrations of BBR for 16 hours. Luciferase and b-gal assays were performed
next, and the results were expressed as RLU/b-gal values. Each transfection was performed in triplicate, and each experiment was repeated at least two
times. The data represent the mean6 S.D. of three independent transfections. (C) Equal amounts of protein from Hep3B cells treated with DMSO (V) or
BBR for 16 hours were analyzed byWestern blots with the antibodies indicated. The bar graphs represent the ratio of various proteins/controls observed
in the Western blots. The data represent the mean6 S.D. of two independent experiments. Statistical analysis was performed using Student’s t test and
indicated as: *P# 0.05; **P# 0.01; . (D) Total RNA extracted fromHuh7 cells treatedwithDMSO or increasing concentrations of BBR for 16 hours and 24
hours was subjected to qPCR analysis for determining changes in Axin2 gene expression. The experiment was repeated at least three times, and data
represent themean6 S.D. of four independent PCR reactions. Significant differences for (A, B, and D) were determined by t test and indicated as follows:
ns, P . 0.05; *P # 0.05; **P # 0.01; ***P # 0.001; and ****P # 0.0001. MW, molecular weight ns, not significant.
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Fig. 3. BBR regulates b-catenin pathway independent of AMPK. (A) Subconfluent populations of Hep3B cells were transiently transfected with control
siRNA or AMPKa1-siRNA or AMPKa2-siRNA alone or in combination followed by treatment with DMSO or BBR for 16 hours. Western blot analyses
were performed with the antibodies indicated. (B) Hep3B or (C) Huh-7 cells stably overexpressing control-shRNA or AMPKa1- and AMPKa2-shRNA
were treated with DMSO or BBR for 16 hours and analyzed byWestern blots. The bar graphs in (A and B) represent the ratio of various proteins/controls
observed in the Western blots. The data represent the mean6 S.D. of two independent experiments. Statistical analysis was performed using Student’s
t test and indicated as follows: *P# 0.05; **P# 0.01; and ***P# 0.001. (D)Huh7 cells were cotransfected withb-catenin/TCF–responsive reporter (pGL3-
OT) and b-catenin–expressing vector along with either control siRNA, AMPKa1-siRNA, AMPKa2-siRNA, or AMPKa1+a2-siRNA and treated with
DMSO or BBR for 16 hours. Luciferase and b-gal assays were performed as in Fig. 2A, and RLU/b-gal values were expressed as % control. Each
transfection was performed in triplicate, and each experiment was repeated at least two times. The data represent the mean6 S.D. of three independent
transfections. Significant differences were determined by t test and indicated as follows: *P# 0.05; **P# 0.01; and ***P# 0.001. MW,molecular weight.
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phosphorylated b-catenin at Ser 33, 37/Thr 41 were also
reduced with BBR treatment (Supplemental Fig. 3, A and B)
and correlated with an increase in pGSK3bSer9 levels (in-
dicating inhibition) under these conditions (Fig. 5, A and B),
suggestingBBRdoesnot significantly regulate post-translational
modification of b-catenin. Taken together, these suggested the
possibility that BBR might target b-catenin at the level of
translation. To explore this possibility, cells were pretreated
with translational inhibitor cycloheximide (CHX) prior to BBR
treatment. Interestingly, BBR was unable to reduce b-catenin
expression in the presence of CHX pretreatment (Fig. 4E,
compares lanes 4 and 5with 7 and 8), suggesting BBR-induced
reduction involves a translational regulation. It is unclear at
this time why treatment with CHX and BBR did not show the
regular decay of b-catenin observed under CHX-DMSO con-
ditions (lanes 3–5), thus indicating additional mechanisms.

The mostly likely explanation is that CHX also inhibited
translation of those that mediate b-catenin degradation,
including those involved in proteasomal pathway. To rule
out the proteasomal pathway involvement, we have performed
studies with two different proteasomal inhibitors (lactacystin
and MG132), which were unable to reverse BBR-induced
b-catenin reduction (Fig. 4, C and D).
BBR Inhibits mTOR Pathway and Cap-Dependent

Translation. Regulation of b-catenin expression via cap-
dependent translation has been reported earlier. The proto-
oncogene c-Src was shown to induce b-catenin levels via
cap-dependent translation (Karni et al., 2005), and mitogen-
activated protein kinase–interacting serine/threonine kinase
(MNK)-eIF4E axis was shown to regulate increased b-catenin
translation and activity (Lim et al., 2013). Since mTOR is
a positive regulator of cap-dependent translation (Ma and

Fig. 4. BBR regulates b-catenin expres-
sion at the level of translation. (A) Total
RNA extracted from Huh7 cells as in
Fig. 2D was subjected to qPCR analysis
for determining changes in CTNNB1
(b-catenin) gene expression. The experi-
ment was repeated at least three times,
and data represent the mean 6 S.D. of
four independent PCR reactions. Signifi-
cant differences were determined by t test
and indicated as follows: ns, P . 0.05;
*P # 0.05; and **P # 0.01. (B) Huh7 cells
were treated with either DMSO or actino-
mycin D (5 mg/ml) or BBR (50 mM) or
a combination of actinomycin D and BBR
for 24 hours and analyzed by Western
blots. (C) Huh7 cells were treated with
DMSO (2) or with indicated concentra-
tions of BBR for 24 hours after a pretreat-
ment in the absence or presence of 10 mM
lactacystin for 1 hour. Equal amounts of
lysates were analyzed by Western blots.
(D) Huh7 cells were treated with DMSO
(2) or with indicated concentrations of
BBR for 16 hours after a 2-hour pretreat-
ment in the absence (2) or presence (+) of
20 mM MG132 and analyzed by Western
blots. (E) Huh7 cells were pretreated with
50 mg/ml CHX for 24 hours followed by
treatment with DMSO (2) or BBR 50 mM
(+) in combination with CHX for the in-
dicated periods of time. Lanes 1 and 2
were only treated with DMSO or BBR.
The samples were analyzed by Western
blots with the antibodies indicated. The
bar graphs in (C–E) represent the ratio of
various proteins/controls observed in the
Western blots. The data represent the
mean 6 S.D. of two to four independent
experiments. Statistical analysis was per-
formed using Student’s t test and indi-
cated as follows: *P # 0.05; **P # 0.01;
***P # 0.001; and ****P # 0.0001. Act D,
actinomycin D; b-cat, b-catenin; MW,
molecular weight; ns, not significant.
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Blenis, 2009), we first detected the effect of BBR on mTOR
activation. HCC cells treated with BBR showed that BBR can
inhibit p-p70S6KThr389 and p4E-BP1Thr37/46 levels in a time-
dependent manner (Fig. 5, A and B), suggesting inhibition of
mTORC1 axis. In addition, BBR also showed increase in
pAKTSer473 and its downstream pGSK3bSer9 levels, which
was likely due to a corresponding activation of mTORC2.
The levels of p-eIF4ESer209 also were reduced with BBR treat-
ment (Fig. 5, A and B), which is known to be phosphorylated by

MNKs. Taken together, these suggested a potential inhibition of
cap-dependent translation when treated with BBR because of
inhibition of mTORC1 and eIF4E phosphorylation. In fact,
m7GTP pulldown assays performed with BBR-treated extracts
showed increased recruitment of 4E-BP1 and a corresponding
reduction of eIF4G in the translation complex when treated with
increasing dose of BBR (Fig. 5, C and D).
BBR Antagonizes b-Catenin Pathway via Targeting

Cap-Dependent Translation. Since BBR antagonized

Fig. 5. BBR inhibits mTOR pathway and cap-dependent translation. (A) Hep3B and (B) Huh7 cells were treated with DMSO (2) or BBR 50 mM (+) for
various lengths of time and analyzed by Western blots. (C) Huh7 and (D) Hep3B cells were treated with DMSO or with the indicated concentrations of
BBR for 16 hours and harvested. Equal amounts of cell extracts were incubated with m7GTP agarose beads for 3 hours at 4oC . The top panels show
m7GTP-bound proteins analyzed by Western blots, and the bottom panels show expression of the corresponding proteins in whole-cell lysates. MW,
molecular weight.
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cap-dependent translation, we determined next whether BBR
reduced b-catenin expression via targeting cap-dependent
translation. Treatment with 4EGI-1, a small molecule that
inhibits interaction between initiation factors eIF4E and
eIF4G (Moerke et al., 2007), reduced b-catenin expression to
very low levels almost similar to those of BBR (Fig. 6A,
compares lanes 1 and 5). Interestingly, using HepG2 cells

(which express a degradation-resistant, truncated form of
b-catenin), we determined that BBR as well as 4EGI-1
reduced expression of full-length and truncated b-catenin
and its downstream targets (Fig. 6B). This suggested that in
HCC cells, mutated b-catenin expression can be targeted by
4EGI-1. To validate this further, stable HCC cells overexpress-
ing either scrambled shRNA (control-shRNA) or 4E-BP1 and

Fig. 6. BBR-induced reduction of b-catenin involves cap-dependent translation. (A)Huh7 cells were treatedwith DMSO (2) or increasing concentrations
of BBR for 16 hours after a 2-hour pretreatment with or without 4EGI-1 (25mM) and analyzed byWestern blots. (B)Western blot analysis of extracts from
HepG2 cells treated with DMSO (2) or BBR for 24 hours after a 2-hour pretreatment with or without 4EGI-1. (C) Stable Huh7 cells overexpressing either
a control-shRNA (Huh7-control-shRNA) or eIF4E-BP1– and eIF4E-BP2-shRNA (Huh7-4E-BP-1+2-shRNA) were treated with DMSO (2) or BBR (+) for
the indicated periods of time. Equal amounts of protein were analyzed byWestern blots with the antibodies indicated. The bar graphs represent the ratio
of various proteins/controls observed in theWestern blots. The data represent the mean6 S.D. of four independent experiments. Statistical analysis was
performed using Student’s t test and indicated as follows: *P # 0.05; ***P # 0.001; and ****P # 0.0001. (D) Total RNA extracted from stable Huh7-
control-shRNA or Huh7-4E-BP 1+2-shRNA cells treated with DMSO (2) or BBR (+) for 48 hours were analyzed by qPCR for Axin2 gene expression. The
experiment was repeated twice, and data represent the mean6 S.D. of two independent PCR reactions. Significant differences were determined by t test
and indicated as follows: ns, P. 0.05 and *P# 0.05. (E) Huh7-control-shRNA orHuh7-4E-BP 1+2-shRNA cells treated with DMSO (2) or BBR (+) for the
indicated periods of time were analyzed by Western blots. FL, full-length; ns, not significant; Tr, truncated. MW, molecular weight.
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4E-BP2 shRNA (4E-BP1+2-shRNA) were generated, which
showed a significant reduction of 4E-BPs in the 4E-BP1+2
shRNA cells (Fig. 6C). Interestingly, treatment with BBR
showed reduction of b-catenin expression in the control-
shRNA cells, whereas BBR was unable to reduce it in the
4E-BP1+2-shRNA cells (Fig. 6C), thus suggesting that BBR-
induced reduction of b-catenin expression involves antagonism
of cap-dependent translation via 4E-BPs. BBR treatment was
also unable to reduce Wnt3a-induced b-catenin/TCF transcrip-
tional activity in the 4E-BP1+2-shRNA cells, whereas it
effectively antagonized this in control-shRNA cells (Supplemental
Fig. 4, A and B). Further analysis performed to estimate
changes in b-catenin downstream target gene expressions

showed that BBR was unable to reduce these levels in 4E-
BP1+2-shRNA cells (Fig. 6, D and E; Supplemental Fig. 5, A
and B). Taken together, these confirmed that BBR can
antagonize b-catenin expression and downstream signaling
via targeting cap-dependent translation.
BBR Induces HCC Cell Apoptosis via Antagonizing

Cap-Dependent Translation and b-Catenin Axis. To
determine which of the biologic effects of BBR in HCC are
mediated via inhibition of cap-dependent translation, we
focused on the effects of BBR on cell proliferation, migration,
and apoptosis. As shown in Supplemental Fig. 6, A and B,
although BBR can induce cell-cycle arrest in these cells
(increase inG2/M stage), knocking down 4E-BP1/2 was unable

Fig. 7. BBR induces apoptosis via antag-
onizing cap-dependent translation. (A)
Representative pictures showing flowcy-
tometric detection of apoptosis assays
performed in Huh7-control-shRNA or
Huh7-4E-BP 1+2-shRNA cells treated
with DMSO or BBR (50 mM) for 72 hours.
Cells were then harvested, and apoptosis
assays were performed using the FITC
Annexin V Apoptosis Detection Kit. The
quadrant lines were adjusted to divide the
cells in four distinct populations with
respect to control. Lower left quadrant
represents cells negative for both Annexin
V and PI, upper left quadrant represents
necrotic cells (only positive for PI), lower
right quadrant represents cells in early
apoptosis (single positive for Annexin V),
and upper right quadrant represents cells
in late apoptosis (positive for both
Annexin V and PI). (B) Huh7-control-
shRNA or Huh7-4E-BP 1+2-shRNA cells
treated as in Fig. 7Awere analyzed by JC-
1 assay to detect changes inmitochondrial
membrane potential. The quadrant lines
were adjusted to highlight changes in the
fluorescent intensity of cell populations
with respect to control. Upper right quad-
rant represents cells containing healthy
mitochondria with higher mitochondrial
potential emitting a red and a green fluo-
rescence at 590 and 530 nm, respectively.
Lower right quadrant represents apopto-
tic cells with reduced mitochondrial mem-
brane potential emitting green fluorescence
at 530 nm. (C) Huh7-control-shRNA or
Huh7-4E-BP1+2-shRNA cells treatedwith
DMSO(2) orBBR50mM(+) for the indicated
periods of time were analyzed by Western
blots with the antibodies indicated. CC,
cleaved caspase; PARP, poly (ADP-ribose)
polymerase. MW, molecular weight.
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to reverse this. Similarly, BBR reduction of migration was not
rescued with 4E-BP1/2 knockdown (Supplemental Fig. 6C),
suggesting BBR-induced cell-cycle arrest and inhibition of
migration are likely to be independent of cap-dependent
translation. To determine the effects on cell death, apoptosis
assays were designed first after treatment of HCC cells with
BBR. These showed an increase in cellular apoptosis and
mitochondrial damage by BBR in a time- and dose-dependent
manner in Huh-7 (Supplemental Fig. 7, A–C) and Hep3B cells
(Supplemental Fig. 8, A–C). Interestingly, similar apoptosis
assays carried out with BBR showed that knocking down 4E-
BP1 and 4E-BP2 significantly attenuates BBR-induced apo-
ptosis and mitochondrial damage (Fig. 7, A and B), whereas
high-level apoptosis was observed in the control-shRNA cells.
Similarly, Western blot analysis revealed that BBR-induced
cleavages of poly (ADP-ribose) polymerase and caspase 3, 8, 9
involve antagonism of cap-dependent translation (Fig. 7C).
Since BBR-induced apoptosis and antagonism of b-catenin

pathway were both reversed with 4E-BP1/2 knockdown, we
hypothesized that inhibiting b-catenin might resensitize
these cells. To address this, we used iCRT-14 (iCRT), which
disrupts b-catenin signaling by antagonizing b-catenin–TCF
interaction (Gonsalves et al., 2011; Watanabe and Dai, 2011).
In fact, iCRT at a lower dose (10 mM) inhibited b-catenin/
TCF–responsive OT activity (Supplemental Fig. 9A) but not
OF activity (Supplemental Fig. 9B). Interestingly, treating
4E-BP1+2-shRNA cells with low dose of iCRT resulted in
increased apoptosis with or without BBR, which seemed more
pronounced than in the control-shRNA cells (Fig. 8, A–C).
These suggested that in the absence of 4E-BP1/2, the cells
become too addicted to b-catenin for survival, and so antag-
onizing b-catenin by iCRT increases their susceptibility to
BBR-induced cell death. Despite increased apoptosis, iCRT
was unable to induce caspase 3 cleavage in the 4E-BP1+2
shRNA cells (Supplemental Fig. 9C). Since iCRT-BBR combi-
nation increased mitochondrial damage (Fig. 8, B and C), it
suggested the possibility of mitochondrial apoptosis cascade.
In fact, treatment with iCRT and BBR promoted a significant
increase in cytoplasmic cytochrome c release in the 4E-BP1+2
shRNA cells (Fig. 8D). Combined, these studies reveal a novel
translational control of b-catenin by BBR, which can be used
to promote cell death in b-catenin–mutated HCCs involving
intrinsic apoptotic pathway.

Discussion
Identification of more effective therapeutic approaches that

can antagonize b-catenin axis is critical for targeting aberrant
b-catenin activation in HCCs. In an attempt to identify
specific signaling pathways that can ameliorate TRAIL re-
sistance, we reported earlier that combination of TRAIL and
troglitazone can sensitize TRAIL-resistant cells toward apo-
ptosis that required the activation of AMPK (Senthivinayagam
et al., 2009; Santha et al., 2015). Interestingly, treatment with
troglitazone alone also inhibited b-catenin and its downstream
axis by an APC-independent mechanism (Sharma et al., 2004).
More recently we observed that treatment with the natural
compound BBR can significantly reduce HCC cell viability and
induce apoptosis in combination with TRAIL in an AMPK-
dependentmanner (Ke et al., 2018). In addition, BBR also showed
antagonistic effects on b-catenin axis involving a novel mecha-
nism, which is the focus of the current studies.

Earlier studies have shown that BBR can antagonize cancer
progression, and this anticancer activity is linked with an
antagonism of Wnt/b-catenin signaling (Wu et al., 2012; Ruan
et al., 2017). Despite this, the mechanism involved in
b-catenin antagonism is largely unknown. Since b-catenin is
often mutated and its downstream signaling is activated in
HCC, our goal here was to elucidate in detail the mechanism
by which BBR antagonized b-catenin pathway in HCC. Our
results demonstrate that BBR can inhibit b-catenin expres-
sion in various HCC cells in a dose- and time-dependent
manner. Interestingly, BBR also suppressed b-catenin levels
in HepG2 cells, which express a truncated/mutated form of
b-catenin that is resistant to conventional GSK3b/APC/Axin-
mediated proteasomal degradation pathway. b-Catenin is
known to interact with TCF or lymphoid enhancer factor
transcription factors, which in turn activate target gene
transcription (Behrens et al., 1996; Huber et al., 1996;
Molenaar et al., 1996). Thus, reduction of b-catenin expression
is expected to reduce b-catenin/TCF–mediated transcriptional
activity. In fact, BBR-induced reduction of b-catenin expres-
sion also antagonized b-catenin/TCF–mediated transcrip-
tional activity and downstream signaling. This suggests that
BBR (or its derivatives) might have the potential to be de-
veloped as therapeutic agents to target b-catenin–mutated
HCCs. BBR is a known agonist of AMPK (Hawley et al., 2010),
and earlier studies have established a link between BBR’s
antineoplastic effects with AMPK signaling (Kim et al., 2012;
Park et al., 2012; Yu et al., 2014; Li et al., 2015). A crosstalk of
AMPK and b-catenin has also been reported (Zhao et al., 2010).
BBR treatment in our studies showed an increase in
pAMPKT172 levels, which followed an inverse correlation
with b-catenin reduction, suggesting the possibility of AMPK
involvement. However, AMPKa1 and AMPKa2 transient
knockdown was unable to reverse BBR-induced reduction of
b-catenin or downstream signaling. These were further
validated by stable knockdown of AMPKa1 and AMPKa2,
thus confirming that BBR-induced antagonism of b-catenin
signaling is independent of AMPK. These are consistent with
earlier studies that showed that BBR could antagonize
nuclear factor kB signaling in colon cancer via AMPK-
independent mechanism (Li et al., 2015).
A recent study in colon cancer cells have demonstrated that

BBR antagonizes b-catenin via promoting its proteasomal
degradation involving Retinoid X Receptor a (Ruan et al.,
2017). However, in our studies, pretreatment with two
different inhibitors of proteasomal degradation (lactacystin
andMG132) was unable to fully rescueb-catenin expression in
the HCC cells. These data, together with the observation that
BBR can reduce mutant b-catenin expression in the HepG2
cells (this mutant form is resistant toward degradation by
proteasomal pathway), suggested the possibility that BBR
might target b-catenin via additional mechanisms. The likely
explanation behind these discrepancies is that BBR-induced
reduction of b-catenin in colon and liver cancer cells might be
different. It is important to note that although APCmutations
are found in colorectal cancer, b-catenin mutations are
prevalent in liver cancer (Miyoshi et al., 1998), the majority
of which enable b-catenin to evade GSK3b/APC-induced
proteasomal degradation. To elucidate this pathway further,
we also determined that this antagonism of b-catenin is not at
the level of mRNA expression since it was reduced in the
presence of actinomycin D, and b-cateninmRNA levels did not
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show significant inhibition with BBR when protein levels
were reduced. Interestingly, pretreatment with protein syn-
thesis inhibitor cycloheximide almost completely antagonized

BBR-induced b-catenin reduction. This suggested a very novel
translational mechanism involved in BBR-induced reduction
of b-catenin in HCC.

Fig. 8. BBR induces intrinsic apoptosis via targeting b-catenin. (A) Representative picture showing flowcytometric analysis of apoptosis assays
performed inHuh7-control-shRNA orHuh7-4E-BP 1+2-shRNA cells pretreatedwith iCRT-14 (10mM) for 24 hours, whichwas followed by treatment with
iCRT-14 (10 mM) alone or in combination with BBR (50mM) for an additional 24 hours. The cells that received DMSO and BBR (50 mM)were treated with
these for 24 hours. At the end of treatment, cells were harvested and subjected to apoptosis assays and analyzed similarly as described under Fig. 7A. (B)
Huh7-control-shRNA or Huh7-4E-BP 1+2-shRNA cells treated as in Fig. 8A were analyzed by JC-1 assay, following procedures described under Fig. 7B.
(C) The bar graphs represent the ratio of JC-1 Red/JC-1 green. The data represent 6S.D. of two independent experiments. Significant differences were
determined by t test and indicated as follows: ns, P . 0.05; *P # 0.05; and **P # 0.01. (D) Huh7-control-shRNA or Huh7-4E-BP 1+2-shRNA cells were
pretreated with iCRT-14 (10 mM) for 24 hours, which was followed by treatment with iCRT-14 (10 mM) alone or in combination with BBR (50 mM) for an
additional 16 hours. The cells that received DMSO and BBR (50 mM) were treated with these for 16 hours. At the end of treatment, cells were harvested
and fractionated into mitochondrial and cytoplasmic fractions and analyzed by Western blots. COX IV was used a positive control to show the purity of
mitochondrial fraction, and GAPDHwas used as a positive control for cytoplasmic fraction. COX IV,mitochondrial cytochrome c oxidase subunit IV; Cyto
C, cytochrome c; MW, molecular weight; ns, not significant.
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Translational regulation of b-catenin involving cap-dependent
translation has been shown before. Activation of Src pathway
induced b-catenin expression and its downstream transcrip-
tional activity by promoting cap-dependent translation (Karni
et al., 2005). Activation of eIF4E (an essential component of
cap-dependent mRNA translation) can increase b-catenin
mRNA translation and promote stem cell function in blast
crisis chronic myeloid leukemia (Lim et al., 2013). Cap-
dependent translation is promoted by mTORC1 via phosphor-
ylation and inhibition of 4E-BPs (4E-BP1, 4E-BP2, 4E-BP3),
leading to the association of eIF4E and eIF4G, formation of
eIF4F, and initiation of translation (Pause et al., 1994;
Haghighat et al., 1995). Inactivation of mTORC1 signaling
will thus lead to activation of 4E-BPs and repression of cap-
dependent translation. In addition to mTORC1, GSK3b (Shin
et al., 2014b) and casein kinase 1« (Shin et al., 2014a) have
also been shown to phosphorylate and inhibit 4E-BPs and
promote cap-dependent translation. Our results with BBR
show a time-dependent inhibition of mTORC1, as indicated by
reduced levels of p-p70S6KThr389 and p4E-BP1Thr37/46, two
downstream targets of mTORC1 pathway. Our findings
support earlier observations, which showed BBR-mediated
antagonism of mTOR pathway (Wang et al., 2010). In
addition, and likely due to activation of mTORC2 axis, BBR
also increased pAKTS473 and pGSK3bSer9 (indicating inhibi-
tion of GSK3b signaling) levels. Taken together, this suggests
that BBR can reduce phosphorylation and activate 4E-BPs via
two different mechanisms: one by inhibiting mTORC1 and the
second by inactivating GSK3b, thus setting the stage for
inhibition of cap-dependent translation. In fact, m7GTP pull-
down assays confirmed this by showing that BBR treatment
reduces the association of eIF4E with eIF4G while increasing
its association with 4E-BP1. To determine whether BBR
reduced b-catenin via antagonizing cap-dependent transla-
tion, HCC cells with stable knockdown of 4E-BP1 and 4E-BP2
(4E-BP1+2 shRNA) were created. Interestingly, although
treatment with BBR reduced b-catenin expression in the
control-shRNA cells, it was completely unable to reduce this

in the 4E-BP1+2 shRNA cells. Similarly, BBR was unable to
reduce the levels of b-catenin downstream targets in the 4E-
BP1+2 shRNA cells, confirming that BBR antagonizes
b-catenin expression and downstream signaling via targeting
cap-dependent translation. This is further validated by the
fact that 4EGI-1 (inhibitor of translation) (Moerke et al., 2007)
can decrease b-catenin expression and downstream signaling
significantly even in the absence of BBR. The exact reason
behind the increase of b-catenin with 4EGI-1 in the Huh7 cells
(Fig. 6A, lanes 7, 8) and not in other HCC cells (Fig. 6B) is
unclear and might indicate cell-specific effects. Similar cancer
cell–specific effects of 4EGI-1 on c-myc translation were also
reported in malignant pleural mesothelioma (De et al., 2018).
In addition, under certain stress conditions, translation of
oncogenes can switch from cap-dependent translation to
internal ribosome entry segment (IRES)-dependent trans-
lation. This was observed with c-myc, whose translation is
normally induced by cap-dependent mechanism downstream
of mTOR pathway (West et al., 1998) but was induced by
IRES-dependent pathway when cells underwent apoptosis
(Stoneley et al., 2000). Similarly, translation of vascular
endothelial growth factor is induced by IRES during hypoxia,
when cap-dependent translation is inhibited (Stein et al.,
1998). It is thus possible that in certain cells, inhibition of
b-catenin cap-dependent translation (by 4EGI-1) results in
a switch toward cap-independent translation. To our knowl-
edge, this is the first report to show that BBR, in fact,
antagonizes b-catenin axis in HCC via targeting cap-
dependent translation. Further studies to determine the
biologic effects showed that BBR promoted cell death via
antagonism of cap-dependent translation, since this process
was significantly attenuated in 4E-BP1+2 shRNA cells.
Interestingly, pharmacological targeting of b-catenin/TCF
transcriptional activity by iCRT-14 (Gonsalves et al., 2011;
Watanabe and Dai, 2011) resensitized these cells to cell
death with or without BBR via increasing cytoplasmic cyto-
chrome c release. Based on our current data and published
results, we have proposed a model by which BBR regulates

Fig. 9. Model illustrating translational regulation of b-catenin by BBR: (A) In the absence of BBR, an active mTORC1 pathway phosphorylates and
inactivates 4E-BP1, thus releasing eIF4E from 4E-BP1. MNKs then phosphorylate and activate eIF4E. eIF4E interacts with other components of the
translational machinery to form eIF4F, which is recruited to 59-mRNA cap to initiate cap-dependent translation of b-catenin. This leads to increased cell
survival. (B) BBR inactivates mTORC1, leading to dephosphorylation and activation of 4E-BP1 and its interaction with eIF4E. BBR also inhibits MNK-
induced eIF4E phosphorylation. This leads to disassembly of eIF4F and repression of b-catenin translation. Repression of b-catenin sensitizes the cells
toward increased cell death.
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b-catenin translation and its impact on HCC cell survival/
death (Fig. 9).
In conclusion, our studies demonstrate a novel mechanism

by which BBR inhibits b-catenin and its downstream signal-
ing axis in HCC and which involves inhibition of cap-
dependent translation. This pathway also seems to mediate
BBR-induced cell death involving cytoplasmic c release. Some
limitations of the current study include the in vitro cellular
approaches used, which need to be validated in vivo utilizing
animalmodels of HCC.However, BBRhas been used in earlier
in vivo studies without any reported toxicity, suggesting its
potential to be developed as a cancer therapeutic agent (Ruan
et al., 2017). Since b-catenin is often mutated in patients with
HCC, most of which are resistant to degradation by conven-
tional proteasomal pathway, BBR (or its derivatives) and
other translation inhibitors (e.g., 4EGI-1) might provide
a novel/alternate therapeutic axis by which these can be
targeted. In addition, because of its antagonistic effects on
GSK3b activity, BBR seems to provide a therapeutic oppor-
tunity for those cancers that are dependent on aberrant
GSK3b activation (Kotliarova et al., 2008; Wilson and
Baldwin, 2008). Although the pharmacological effects of
BBR on b-catenin pathway antagonism are quite remarkable,
the oral bioavailability and hence druggability of BBR is
currently low because of several reasons (Wang et al., 2017).
Based on the current studies, combination of BBR with
antagonists of b-catenin or inhibitors of cap-dependent trans-
lation might help overcoming the difficulty of high dose
administration. In fact, a current phase I trial with BBR
combination showed promising results in patients with ulcer-
ative colitis (Xu et al., 2020).
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