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Abstract 

Aberrant activation of Wnt/β-catenin axis occurs in several gastrointestinal malignancies due to 

inactivating mutations of APC (in colorectal cancer) or activating mutations of β-catenin itself 

(in hepatocellular carcinoma [HCC]). These lead to β-catenin stabilization, increase in β-

catenin/TCF-mediated transcriptional activation and target gene expression, many of which are 

involved in tumor progression. While studying pharmaceutical agents that can target β-catenin in 

cancer cells, we observed that the plant compound berberine (BBR), a potent activator of AMP-

activated protein kinase (AMPK), can reduce β-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 β-catenin occurs independently of AMPK activation, 

and does-not involve transcriptional or post-translational mechanisms. Pretreatment with protein 

synthesis inhibitor Cycloheximide antagonized BBR-induced β-catenin reduction, suggesting 

that BBR affects β-catenin translation. BBR treatment also antagonized mTOR activity, and was 

associated with increased recruitment of eIF4E-binding protein 1 (4E-BP1) in the translational 

complex, as revealed by m7-cap-binding assays, suggesting inhibition of cap-dependent 

translation. Interestingly, knocking down 4E-BP1 and -2 significantly attenuated BBR-induced 

reduction of β-catenin levels and expression of its downstream target genes.  Moreover, cells 

with 4E-BP knockdown were resistant to BBR-induced cell death, and were re-sensitized to BBR 

following pharmacological inhibition of β-catenin. Our findings indicate that BBR antagonizes 

β-catenin pathway by inhibiting β-catenin translation and mTOR activity and thereby reduces 

HCC cell survival. These also suggest that BBR could be utilized for targeting HCCs that 

express mutated/activated β-catenin variants that are currently undruggable. 
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Significance Statement: 

β-catenin signaling is aberrantly activated in different gastrointestinal cancers, including HCC, 

which is currently undruggable. In this study we describe a novel mechanism of targeting β-

catenin translation via utilizing a plant compound BBR. Our findings provide a new avenue of 

targeting β-catenin axis in cancer, which can be utilized towards the designing of effective 

therapeutic strategies to combat β-catenin-dependent cancers.  
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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 line FDA-approved 

therapy available for treating advanced, unresectable HCC is the multikinase inhibitor Sorafenib, 

which despite some promising results (Llovet et al., 2008) is only effective for a few months. 

More recently, immune checkpoint inhibitors (nivolumab and pembrolizumab), several other 

multikinase inhibitors (lenvatinib, cabozantinib, regorafenib), and human monoclonal antibodies 

(ramucirumab) have been approved as first- or second-line therapies for advanced HCC (Caruso 

et al., 2020), (Pinyol et al., 2019). Despite this, the overall survival of patients is still not 

significantly improved, due to 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/β-catenin 

signaling cascade is specifically important. About 18.5% of HCCs harbor oncogenic mutations 

of β-catenin gene (CTNNB1) (de La Coste et al., 1998), (Miyoshi et al., 1998), (Perugorria et al., 

2019), (Russell and Monga, 2018) leading to its activation (Nhieu et al., 1999). This scenario is 

much higher in hepatoblastomas, which harbor >50% CTNNB1 mutations. Mutations of APC or 

β-catenin itself (Nhieu et al., 1999), (Morin et al., 1997) or activation of Wnt signaling results in 

stabilization of β-catenin (de La Coste et al., 1998), (Korinek et al., 1997), with increased nuclear 

translocation, interaction with transcription factors of the T cell factor/lymphoid enhancer factor 
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(TCF/LEF) family, and induction of target gene transcription (Bienz and Clevers, 2000), 

(Cadoret et al., 2002), which include cyclin D1, c-myc, MMP7, VEGF, Bcl-xL, Survivin, 

Glutamine Synthetase (Perugorria et al., 2019), (Vlad et al., 2008). Several inhibitors that can 

antagonize key steps of β-catenin/TCF axis have been developed, but none became successful 

clinically, although some clinical trials are currently ongoing to test the efficacy of Wnt 

antagonists on various liver diseases (Perugorria et al., 2019).  

 

BBR, an alkaloid extracted from herbal plants, has been used in ancient Chinese medicine for a 

long time to treat microbial infections, diarrhea, which also possesses anti-diabetic (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, gastric, breast (Zhang et al., 2013), (Eom et al., 2008), (Kim et al., 2013), 

(Tillhon et al., 2012), (Wang et al., 2013) and others including HCC (Tsang et al., 2015), (Huang 

et al., 2018). Despite these, the detailed in-depth mechanism how BBR antagonizes pro-

oncogenic pathways in various cancers is still unclear. BBR is also an activator of 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 β-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/β-catenin axis in colon cancer, via inducing β-catenin proteasomal degradation 

involving Retinoid X Receptor α (Ruan et al., 2017).  
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Since β-catenin is a major pro-oncogenic axis in HCC and with no effective pharmaceutical 

options being available yet, the current studies were undertaken to determine whether BBR 

antagonizes β-catenin signaling in HCC, and to elucidate the underlying mechanism. Our studies 

revealed that BBR can antagonize β-catenin and its downstream signaling in HCC, in an AMPK-

independent manner. Instead, this involved a novel, translational regulation via 4E-BP1 and 4E-

BP2, which are known inhibitors of cap-dependent translation. Treatment with BBR antagonized 

mammalian target of rapamycin (mTOR) activity associated with reduced p4E-BP1Thr37/46 levels 

and promoted interaction between eIF4E with 4E-BP1. Knocking down 4E-BP1 and 2 

significantly attenuated BBR-induced reduction of β-catenin expression and downstream 

signaling. In addition, cells with 4E-BP1 and 2 knockdown were resistant towards BBR-induced 

cell death, which were re-sensitized by pharmacological targeting of β-catenin with iCRT-14. 

Taken together, these studies reveal a novel translational regulation of β-catenin, which 

contributes towards BBR-induced HCC cell death.    

 

Materials and Methods 

Reagents and Antibodies 

DMEM, DMEM/F12, MEM and Opti-MEM media, TRIzol, RNase solution and Lipofectamine 

2000 were purchased from Invitrogen (Carlsbad, CA); Berberine from Sigma (St. Louis, MO), 

luciferase assay reagent was from Promega (Madison, WI), Actinomycin D, iCRT-14 from 

Tocris (Minneapolis, MN), Lactacystin, MG-132 and cycloheximide from Millipore Sigma 

(Burlington, MA), 4EGI-1 from Selleckchem (Houston, TX), immobilized r-Aminophenyl-m7-

GTP (C10-spacer) agarose beads from Jena Science (Jenna, Germany), Propidium Iodide (PI) 

and FITC Annexin V Apoptosis Detection Kit from BD Biosciences (San Jose, CA), JC-1 dye 
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and Rhodamine Phalloidin from Thermo-Fisher Scientific (Waltham MA). The antibodies 

utilized were obtained from the following sources: poly (ADP-ribose) polymerase (PARP), 

caspase-3, caspase 8, caspase 9, pAMPKT172, total AMPK, AMPKα1 and α2, pβ-

cateninSer33/37/Thr41, cyclin D1, Axin2, c-Myc, p4E-BP1Thr37/46, 4E-BP1, 4E-BP2, p-p70S6KThr389, 

p70S6K, pAKTSer473, AKT, pGSKβSer9, GSKβ, peIF4ESer209, eIF4E, eIF4G1, eIF4G, cytochrome 

c, pACCSer79, ACC from Cell Signaling Technologies (Danvers, MA), β-catenin from BD 

Transduction Laboratories, COX IV from abcam (Cambridge MA), GAPDH from Ambion Inc. 

(Austin, TX). 

 

Cell Culture 

HCC cells (Hep3B, HepG2) and HEK293 were obtained from ATCC and Huh7 cells were 

obtained as described (Senthivinayagam et al., 2009), (Sureau et al., 1992). Hep3B and HepG2 

cells were maintained in MEM media supplemented with 10% FBS, 1% Pen/Strep, 1% HEPES, 

1% sodium pyruvate and 1% non-essential 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 50µM BBR (unless indicated otherwise) for 16-24 hrs followed by Western blot or qPCR 

analyses.   

 

Preparation of Wnt3a-conditioned medium (CM) 

L-Wnt3A (ATCC® CRL2647™) cells and L Cells (ATCC® CRL-2648™) were obtained from 

ATCC to prepare Wnt3a and control conditioned media respectively as per manufacturer’s 

instructions. Cells were cultured in DMEM media supplemented with 10% FBS and 0.4mg/ml 
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G-418 for L-wnt3a cells and 1% Pen/strep for L-cells. For Wnt3a-CM, cells were split in the 

ratio of 1:10 in 10ml of DMEM media without G-418 in 10cm dish and allowed to grow. After 4 

days, the first batch of CM was collected and another 10ml of fresh media was added to the cells. 

The second batch of CM was collected after 3 days and cells discarded thereafter. CM from two 

batches were mixed at 1:1 ratio, filtered using 0.22μm filter and stored at -20°C. Similarly, 

control CM was prepared by culturing L cells in DMEM with 10% FBS and 1%Pen/strep. 

 

RNA Isolation and Quantitative Polymerase Chain Reaction (qPCR) Analysis  

qPCR analysis was performed 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 assessed by gel electrophoresis. 

cDNA synthesis was then performed using Superscript III First-Strand Synthesis System kit 

(Invitrogen, Carlsbad, CA) and amplified using SYBR Green PCR Master Mix (Applied 

Biosystems) in ABI StepOnePlus detection system (Applied Biosystems). The PCR cycling 

condition was set as: an initial denaturation step at 95°C for 2 min, 40 cycles at 95°C for 15 

seconds, 60°C for 1 minute finally subjecting to melting temperature to check amplification 

curve. The relative changes in gene expression were estimated using the 2–ΔΔCt method using 

18S rRNA as a housekeeping gene. The lists of primers used are included in Supplementary 

Table S1. 

 

Transient transfection and Luciferase Assays 

Subconfluent populations of cells were transiently transfected using Lipofectamine-2000, with β-

catenin/TCF-responsive luciferase-reporter construct (pGL3-OT) or the corresponding mutant 
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construct (pGL3-OF) along with β-galactosidase (β-gal) vector in the presence of empty vector 

or β-catenin-expressing vector as reported earlier (Thylur et al., 2011). β-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), where the TCF 

sites were mutated. These reporter constructs were derived from the TOPFLASH and 

FOPFLASH vectors respectively, and obtained from Dr. Bert Vogelstein (Morin et al., 1996), 

(Korinek et al., 1997), (Shih et al., 2000). Treatment with vehicle or BBR was initiated after 

48hrs of transfection and luciferase and β-galactosidase (β-gal) assays were performed using a 

luminometer (Berthold Technologies, TriStar2 LB 942) and a microplate reader (BioTek, 

EPOCH2), 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 

(RLU) to β-gal values. For the luciferase assays with AMPKα1 or AMPKα2 knockdown, cells 

were co-transfected as above in the presence of control-siRNA, AMPKα1-siRNA, AMPKα2-

siRNA or AMPKα1+2-siRNA and analyzed as above.    

 

 

Small Interference RNA (siRNA) 

siRNA smart pool against hAMPKα1 (Cat # L-005027-00), hAMPKα2 (Cat # L-005361-00), 

were purchased from Dharmacon (Lafayette, CO). A negative control siRNA from Ambion Inc. 

(Austin, TX) was used as control siRNA. siRNA transfection was performed using 

Lipofectamine 2000 as per the manufacturer's instructions and as described previously (Santha et 

al., 2015). Briefly, subconfluent cells plated in 35mm plates were transfected with 50nM of 

either control siRNA or target siRNA for 24 hrs followed by recovery in serum containing 
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medium. The transfected cells were treated after 48-72 hrs of transfection with either DMSO or 

BBR for an additional 16 hrs followed by western blot analysis.  

 

Stable cell line creation 

Lentiviral particles containing human AMPKα1/2-shRNA (sc-45312-V) obtained from Santa 

Cruz Biotechnology was used to knockdown endogenous AMPKα1/2 expressions, following 

manufacturer’s protocol and 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 Unit) in complete medium containing Polybrene (5µg/ml), 

followed by selection in puromycin-containing medium. Puromycin-resistant colonies were 

propagated, stored and the degree of knockdown was determined by western blot analysis.  

 

For creating the eIF4E-BP1 and eIF4E-BP2 knockdown stable cells, we utilized pLKO.1-CMV-

puro-eIF4E-BP1-shRNA (TRCN0000040203) and pLKO.1-CMV-neo-eIF4EBP2-shRNA 

(TRCN0000117814) lentiviral constructs from Sigma. Lentiviral particles were produced as 

described earlier (Das et al., 2019) by co-transfecting HEK293 FT cells (Life Technologies, 

USA) with either one of the lentiviral plasmids along with psPAX2 and pMD2G packaging 

plasmids using Lipofectamine 2000. Titrations were performed first to achieve an MOI of 0.3 to 

0.5 and the infection efficiency confirmed by western blots. Huh7 cells were then transduced 

with the lentiviral particles as described above and stable cells lines were selected using both 

puromycin (for eIF4E-BP1 shRNA) and neomycin (for eIF4EBP2 shRNA).  
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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 NP-40 lysis buffer (20mM Tris-HCl pH 

8.0, 150mM NaCl, 2mM EGTA pH 8.0, 10% Glycerol, 1% NP-40, 50mM β-glycero phosphate, 

1mM Na-orthovanadate, 1mM dithiothreitol, 1mM phenylmethylsulfonyl fluoride containing a 

mixture of proteinase inhibitors). Equal amounts of protein extracts were then added to the 

m7GTP agarose beads (30µl) and incubated on a rotator for 3 hours at 4 degrees, followed by 

washing with NP40 lysis buffer for 4 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 manufacturer’s instructions. Cells seeded at a density of 1.5 x 106 cells/plate 

in 35mm plates were treated with BBR, iCRT alone or 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 for JC-1 assay (described below). Cells for 

apoptosis assay were centrifuged at 2000 rpm for 5 min, washed once with ice-cold PBS and 

once with 1X binding buffer, followed by re-suspension in 100µl 1X binding buffer and 

incubation with 5µl each of Annexin V and PI at room temperature in dark for 15 minutes. 400ul 

of 1X binding buffer was then added to each sample and apoptosis assays performed using 

Gallios flow cytometer (Beckman Coulter).  The data was analyzed using FlowJo software. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 31, 2020 as DOI: 10.1124/molpharm.120.000029

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


13 

 

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 1ml of warm growth media, followed by incubation in 2µM JC-1 dye at 37°C, 

5% CO2 in incubator for 15min. Cells were then washed twice with PBS, resuspended in 500µl 

of PBS and readings acquired on Gallios flow cytometer (Beckman Coulter) using 488 nm laser. 

JC-1 red emission of healthy mitochondria was obtained at 590nm and the green emission of 

apoptotic mitochondria (with reduced membrane potential) at 530nm. The data was analyzed 

using FlowJo software. 

 

Cell-cycle analysis 

Cells seeded at a density of 0.6 x 106/plate in 35mm plates were treated with BBR for different 

lengths of time. At the time of harvest, they were washed in PBS, fixed in ice-cold 70% ethanol 

and stored at -20C overnight. Next day, the fixed cells were washed twice with PBS and treated 

with 50µl of RNase at room temperature (stock 100µg/ml). After 15min, 200µl of PI (Stock 

50µg/ml) was added and cell-cycle analysis was performed using Gallios flow cytometer 

(Beckman Coulter). The data was analyzed using FlowJo software. 

 

Migration assay 

The effect of BBR on the cell migration was determined using the ORISTM cell migration assay 

kit (Platypus, NJ, USA). The ORIS cell migration assay was performed using a 96-well plate, 

where 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 
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wedge of the stopper and allowed to grow overnight. Next day, the stoppers were removed, cells 

were washed with media and treated with DMSO or BBR. The readings were taken by Celligo 

Imaging Cytometer (Nexcelom Bioscience, MA, USA) after 48h of BBR treatment. 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 modifications (Chandra et al., 2004). 

For cytoplasmic and mitochondrial fractionation, cells washed with PBS were re-suspended in 

homogenization buffer (20mM HEPES pH 7.5, 10mM KCl, 1.5mM MgCl2, 1mM EDTA, 1mM 

EGTA, 1mM DTT, 250mM Sucrose) and incubated on ice for 30min with intermittent mixing. 

Cells were then homogenized (with 10-12 strokes) in cold and the homogenate was centrifuged 

at 1,000 rpm for 5min at 4°C, to remove nuclei, cellular debris and intact cells. The resultant 

supernatant was collected and centrifuged at 12,000 rpm for 20min 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 10min each at 4°C. The mitochondrial pellets were resuspended in 

mitochondrial protein extraction buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl, 2mM EDTA, 

2mM EGTA, 0.2% Triton X 100, 0.3% NP-40, 2.5mM PMSF and protease inhibitor cocktail). 

Following incubation on ice for 10min, they were centrifuged at 12,000 rpm for 20min at 4°C, 

mitochondrial proteins were collected as supernatant and preserved. Both cytoplasmic and 
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mitochondrial proteins were boiled and denatured using Laemmli buffer and used for western 

blotting.  

 

Western Blot Analysis 

Western blot analysis was performed following procedures described previously (Mishra et al., 

2010), (Pradeep et al., 2004). Briefly, equal amounts of total cell extracts were fractionated by 

SDS-PAGE, transferred to PVDF 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 means with + S.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, **** P ≤0.0001, ns: P >0.05 not significant. The data of 

Supplementary Table S2 were presented either as mean of the group with its 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 standard error. Two or three-way 

ANOVA were 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 followup tests were used for 

the pairwise comparisons and Dunnett's tests were used instead to compare each mean to the 

control mean. The results of ANOVA, 95% CI of difference, Tukey’s test and Dunnett’s test 

have been summarized in Supplementary Table S2. 
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Results 

BBR antagonizes β-catenin pathway in HCC cells: In an attempt to identify pharmacological 

agents that can effectively target β-catenin, we determined the effect of BBR on β-catenin axis in 

HCC. Treatment of HCC cells (Huh7 and Hep3B) with BBR showed a dose and time-dependent 

reduction of β-catenin (Figs 1A, B, C), suggesting an antagonism of this pathway. Interestingly, 

BBR treatment also reduced the expression of mutated β-catenin in the HepG2 cells (Fig 1D), 

which is resistant to degradation via conventional APC/GSK3β pathway. Treatment of HEK293 

cells with BBR also showed a dose-dependent reduction of β-catenin expression (Fig 

supplementary Fig S1A). To determine whether BBR can antagonize β-catenin/TCF 

transcriptional activity and downstream target gene expression, luciferase assays were performed 

with β-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 

(Figs 2A, B) and antagonized β-catenin target gene (Fig 2D), and protein expression (Figs 2C, 

S1B). These observations suggested that BBR might be an effective therapeutic approach to 

target β-catenin in HCCs. 

 

BBR regulates β-catenin pathway independent of AMPK: Our earlier studies showed that BBR 

and TRAIL combination-induced apoptosis is mediated via AMPK activation (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 β-catenin reduction (Figs 1A-D and S1A-B). The reduction of 

pAMPT172 observed with BBR at 24hrs 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 
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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 β-catenin, AMPKα1 and α2 levels were transiently knocked down using 

corresponding siRNAs. Surprisingly, knocking down AMPKα was unable to restore β-catenin 

expression, in the presence of BBR (Figs 3A and S2A). To confirm this further, HCC cells with 

stable AMPKα1, α2 knockdown were generated, which also showed BBR-induced reduction of 

β-catenin in the absence of AMPK α1, α2 (Figs 3B, 3C). Similarly, BBR reduced expression of 

β-catenin target proteins (cyclin D1 and Axin2) even with AMPK α1, α2 knockdown (Fig 3C). 

Furthermore, luciferase assays showed that BBR was capable of reducing OT-luc activity in the 

absence of AMPK α1, α2 (Figs 3D and S2B). In addition, treatment with various AMPK agonists 

although activated AMPK pathway (Lin et al., 2017), were unable to reduce β-catenin expression 

in each case (Fig S2C, compare β-catenin and pACC in DMSO, BBR, salicylate, A769662). 

These suggested that BBR can reduce β-catenin expression and antagonize its downstream 

signaling in an AMPK-independent manner. 

 

BBR regulates β-catenin expression at the level of translation: We next focused on determining 

whether BBR-induced reduction of β-catenin was at the level of transcription, translation or post-

translation. Recently, BBR was shown to target β-catenin post-translationally via a proteasome-

dependent pathway in colon cancer cells (Ruan et al., 2017). Estimation of β-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 

β-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 
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post-translational regulation mediated via proteasomes, cells were pretreated with two different 

proteasomal inhibitors Lactacystin and MG132 (Alao et al., 2006), which were unable to rescue 

β-catenin expression following BBR treatment (Figs 4C, D). Furthermore, the levels of pβ-

cateninSer33/37/Thr41 were also reduced with BBR treatment (Figs S3A, B), and correlated with an 

increase in pGSK3βSer9 levels (indicating inhibition) under these conditions (Figs 5A, B), 

suggesting BBR does-not significantly regulate post-translational modification of β-catenin. 

Taken together, these suggested the possibility that BBR might target β-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 β-

catenin expression in the presence of CHX pretreatment (Fig 4E, compare lanes 4&5 with 7&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 β-catenin observed under 

CHX-DMSO conditions (lanes 3-5), indicating additional mechanisms. The mostly likely 

explanation is that CHX also inhibited translation of those that mediate β-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 β-catenin reduction (Figs 4C, D). 

 

BBR inhibits mTOR pathway and cap-dependent translation: Regulation of β-catenin expression 

via cap-dependent translation have been reported earlier. The proto-oncogene c-Src was shown 

to induce β-catenin levels via cap-dependent translation (Karni et al., 2005) and MAP Kinase 

interacting serine/threonine kinase (MNK)-eukaryotic translation initiation factor 4E (eIF4E) 

axis was shown to regulate increased β-catenin translation and activity (Lim et al., 2013). Since 
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mTOR is a positive regulator of cap-dependent translation (Ma and 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 p4EBP1Thr37/46 levels in a time-dependent manner (Figs 5A, B), 

suggesting inhibition of mTORC1 axis. In addition, BBR also showed increase in pAKTSer473 

and its downstream pGSK3βSer9 levels, likely due to a corresponding activation of mTORC2. The 

levels of p-eIF4ESer209 also was reduced with BBR treatment (Figs 5A, B), which is known to be 

phosphorylated by MNKs. Taken together, these suggested a potential inhibition of cap-

dependent translation when treated with BBR due to inhibition of mTORC1 and eIF4E 

phosphorylation. In fact, m7-GTP pulldown assays performed with BBR-treated extracts showed 

increased recruitment of 4EBP1 and a corresponding reduction of eIF4G in the translation 

complex when treated with increasing dose of BBR (Fig 5C, D).  

 

BBR antagonizes β-catenin pathway via targeting cap-dependent translation: Since BBR 

antagonized cap-dependent translation, we determined next whether BBR reduced β-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 β-catenin expression to very low levels almost similar to BBR (Fig 6A, compare lanes 

1&5). Interestingly, using HepG2 cells (which expresses a degradation-resistant truncated form 

of β-catenin), we determined that BBR as well as 4EGI-1 reduced expression of full length and 

truncated β-catenin and its downstream targets (Fig 6B). These suggested that in HCC cells 

mutated β-catenin expression can be targeted by 4EGI-1. To validate this further, stable HCC 

cells overexpressing either scrambled shRNA (control-shRNA) or 4EBP1 and 2 shRNA 

(4EBP1+2-shRNA) were generated, which showed a significant reduction of 4EBPs in the 
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4EBP1+2 shRNA cells (Fig 6C). Interestingly, treatment with BBR showed reduction of β-

catenin expression in the control-shRNA cells, while BBR was unable to reduce it in the 

4EBP1,2-shRNA cells (Fig 6C), thus suggesting that BBR-induced reduction of β-catenin 

expression involves antagonism of cap-dependent translation via 4EBPs. BBR treatment was 

also unable to reduce wnt3a-induced β-catenin/TCF transcriptional activity in the 4EBP1+2-

shRNA cells, while it effectively antagonized this in control-shRNA cells (Figs S4A, S4B). 

Further analysis performed to estimate changes in β-catenin downstream target gene expressions 

showed that BBR was unable to reduce these levels in 4EBP1+2-shRNA cells (Figs 6D, 6E, 

S5A, S5B). Taken together these confirmed that BBR can antagonize β-catenin expression and 

downstream signaling via targeting cap-dependent translation.  

 

BBR induces HCC cell apoptosis via antagonizing cap-dependent translation and β-catenin axis: 

To determine which of the biological 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 Fig S6A, S6B, although BBR can induce cell cycle arrest in these cells 

(increase in G2/M stage), knocking down 4EBP1, 2 was unable to reverse this. Similarly, BBR-

reduction of migration was not rescued with 4EBP1, 2 knockdown (Fig S6C), suggesting BBR-

induced cell cycle arrest and inhibition of migration likely to be independent of cap-dependent 

translation. To determine the effects on cell death, apoptosis assays were designed first following 

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 (Figs S7A, B, C) 

and Hep3B cells (Figs S8A, B, C). Interestingly, similar apoptosis assays carried out with BBR 

showed that knocking down 4EBP1 and 2 significantly attenuates BBR-induced apoptosis and 
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mitochondrial damage (Fig 7A, B), while high level apoptosis was observed in the control-

shRNA cells. Similarly, western blot analysis revealed that BBR-induced poly (ADP-ribose) 

polymerase (PARP) and caspase 3, 8, 9 cleavages involve antagonism of cap-dependent 

translation (Fig 7C).  

 

Since BBR-induced apoptosis and antagonism of β-catenin pathway were both reversed with 

4EBP1, 2 knockdown, we hypothesized that inhibiting β-catenin might re-sensitize these cells. 

To address this, we utilized iCRT-14 (iCRT), which disrupts β-catenin signaling by antagonizing 

β-catenin-TCF interaction (Gonsalves et al., 2011), (Watanabe and Dai, 2011). In fact, iCRT at a 

lower dose (10µM) inhibited β-catenin/TCF-responsive OT activity (Fig S9A), but not OF 

activity (Fig S9B). Interestingly, treating 4EBP1+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 (Figs 8A, B, C). These suggested that in the absence of 4EBP1, 2, the cells become 

too addicted to β-catenin for survival and so antagonizing β-catenin by iCRT increases their 

susceptibility to BBR-induced cell death. Despite increased apoptosis, iCRT was unable to 

induce caspase 3 cleavage in the 4EBP1+2 shRNA cells (Fig S9C). Since iCRT-BBR 

combination increased mitochondrial damage (Figs 8B, 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 4EBP1+2 shRNA cells (Fig 8D). Combined 

together, these studies reveal a novel translational control of β-catenin by BBR, which can be 

utilized to promote cell death in β-catenin-mutated HCCs involving intrinsic apoptotic pathway.   
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Discussion 

Identification of more effective therapeutic approaches that can antagonize β-catenin axis is 

critical for targeting aberrant β-catenin activation in HCCs. In an attempt to identify specific 

signaling pathways that can ameliorate TRAIL-resistance, we reported earlier that combination 

of TRAIL and Troglitazone can sensitize TRAIL-resistant cells towards apoptosis, that required 

the activation of AMPK (Senthivinayagam et al., 2009), (Santha et al., 2015). Interestingly, 

treatment with Troglitazone alone, also inhibited β-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-dependent manner (Ke et al., 2018). In addition, BBR 

also showed antagonistic effects on β-catenin axis involving a novel mechanism, 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/β-catenin signaling (Wu et al., 2012), (Ruan et al., 

2017). Despite this, the mechanism involved in β-catenin antagonism is largely unknown. Since 

β-catenin is often mutated and its downstream signaling activated in HCC, our goal here was to 

elucidate in detail the mechanism by which BBR antagonized β-catenin pathway in HCC. Our 

results demonstrated that BBR can inhibit β-catenin expression in various HCC cells in a dose 

and time-dependent manner. Interestingly, BBR also suppressed β-catenin levels in HepG2 cells, 

which express a truncated/mutated form of β-catenin that is resistant to conventional 

GSK3β/APC/Axin-mediated proteasomal degradation pathway. β-catenin is known to interact 

with TCF or LEF transcription factors which in turn activate target gene transcription (Molenaar 
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et al., 1996), (Behrens et al., 1996), (Huber et al., 1996). Thus, reduction of β-catenin expression 

is expected to reduce β-catenin/TCF-mediated transcriptional activity. In fact, BBR-induced 

reduction of β-catenin expression also antagonized β-catenin/TCF-mediated transcriptional 

activity and downstream signaling. These suggest that BBR (or its derivatives) might have the 

potential to be developed as therapeutic agents to target β-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 β-catenin have also been 

reported (Zhao et al., 2010). BBR treatment in our studies showed an increase in pAMPKT172 

levels, which followed an inverse correlation with β-catenin reduction, suggesting the possibility 

of AMPK involvement. However, AMPKα1 and 2 transient knockdown was unable to reverse 

BBR-induced reduction of β-catenin or downstream signaling. These were further validated by 

stable knockdown of AMPKα1 and α2, thus confirming that BBR-induced antagonism of β-

catenin signaling is independent of AMPK. These are consistent with earlier studies which 

showed that BBR could antagonize NFκB signaling in colon cancer via AMPK-independent 

mechanism (Li et al., 2015).    

 

A recent study in colon cancer cells have demonstrated that BBR antagonizes β-catenin via 

promoting its proteasomal degradation involving RXRα (Ruan et al., 2017). However, in our 

studies, pretreatment with two different inhibitors of proteasomal degradation (Lactacystin and 

MG132), were unable to fully rescue β-catenin expression in the HCC cells. These data together 

with the observation that, BBR can reduce mutant β-catenin expression in the HepG2 cells (this 

mutant form is resistant towards degradation by proteasomal pathway), suggested the possibility 
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that BBR might target β-catenin via additional mechanisms. The likely explanation behind these 

discrepancies is that BBR-induced reduction of β-catenin in colon and liver cancer cells might be 

different. It is important to note, while APC mutations are found in colorectal cancer, β-catenin 

mutations are prevalent in liver cancer (Miyoshi et al., 1998), majority of which enable β-catenin 

to evade GSK3β/APC-induced proteasomal degradation. To elucidate this pathway further, we 

also determined that this antagonism of β-catenin is not at the level of mRNA expression, since it 

was reduced in the presence of Actinomycin D and β-catenin mRNA levels didn’t show 

significant inhibition with BBR when protein levels were reduced. Interestingly, pretreatment 

with protein synthesis inhibitor cycloheximide almost completely antagonized BBR-induced β-

catenin reduction. This suggested a very novel translational mechanism involved in BBR-

induced reduction of β-catenin in HCC.  

 

Translational regulation of β-catenin involving cap-dependent translation has been shown before. 

Activation of Src pathway induced β-catenin expression and its downstream transcriptional 

activity by promoting cap-dependent translation (Karni et al., 2005). Activation of eIF4E (an 

essential component of cap-dependent mRNA translation), can increase β-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 phosphorylation and inhibition of 

4E-BPs (4E-BP1, 2, 3), 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, GSK3β (Shin et al., 2014b) and Casein Kinase 1ε (Shin et al., 2014a) has 

also been shown to phosphorylate and inhibit 4E-BPs and promote cap-dependent translation. 
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Our results with BBR showed 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 pGSK3βSer9 (indicating inhibition of GSK3β signaling) levels. 

Taken together, these suggest that BBR can reduce phosphorylation and activate 4E-BPs via two 

different mechanisms: one by inhibiting mTORC1 and second by inactivating GSK3β, thus 

setting the stage for inhibition of cap-dependent translation. In fact, m7GTP pulldown 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 β-catenin via 

antagonizing cap-dependent translation, HCC cells with stable knockdown of 4E-BP1 and 2 

(4EBP1+2 shRNA) were created. Interestingly, while treatment with BBR reduced β-catenin 

expression in the control-shRNA cells, it was completely unable to reduce this in the 4EBP1+2 

shRNA cells. Similarly, BBR was unable to reduce the levels of β-catenin downstream targets in 

the 4EBP1+2 shRNA cells, confirming that BBR antagonizes β-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 β-catenin 

expression and downstream signaling significantly even in the absence of BBR. The exact reason 

behind the increase of β-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 was 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 
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(IRES)-dependent translation. 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 β-catenin cap-dependent translation (by 4EGI-1) results in a switch 

towards cap-independent translation. To our knowledge, this is the first report to show that BBR 

in fact, antagonizes β-catenin axis in HCC via targeting cap-dependent translation. Further 

studies to determine the biological effects showed that BBR promoted cell death via antagonism 

of cap-dependent translation, since this process was significantly attenuated in 4EBP1+2 shRNA 

cells. Interestingly, pharmacological targeting of β-catenin/TCF-transcriptional activity by iCRT-

14 (Gonsalves et al., 2011), (Watanabe and Dai, 2011) re-sensitized these cells to cell death with 

or without BBR, via increasing cytoplasmic cytochrome c release. Based on our current data and 

published results, we have proposed a model by which BBR regulates β-catenin translation and 

its impact on HCC cell survival/death (Fig 9). 

 

In conclusion, our studies demonstrate a novel mechanism by which BBR inhibits β-catenin and 

its downstream signaling axis in HCC, involving 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 needs to be 

validated in vivo utilizing animal models of HCC. However, BBR has 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 β-catenin is often mutated in HCC patients, most of 
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which are resistant to degradation by conventional 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, due to its antagonistic effects on 

GSK3β activity, BBR seems to provide a therapeutic opportunity for those cancers, which are 

dependent on aberrant GSK3β activation (Wilson and Baldwin, 2008), (Kotliarova et al., 2008). 

While the pharmacological effects of BBR on β-catenin pathway antagonism is quite remarkable, 

the oral bioavailability and hence druggability of BBR is currently low due to several reasons 

(Wang et al., 2018). Based on the current studies, combination of BBR with antagonists of β-

catenin or inhibitors of cap-dependent translation 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 ulcerative colitis (Xu et al., 2020).         
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Figure Legends:  

Figure 1. Treatment with BBR reduces β-catenin expression in HCC cells. (A) Huh7 HCC 

cells were treated with DMSO (-) or BBR-50µM (+) for the indicated time points and then 

harvested. Equal amounts of protein extracts were analyzed by Western 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, 100µM) for 16hrs and analyzed by Western blots. 

β-catenin-FL and β-catenin-TR indicate full length (FL) and truncated (TR) forms respectively. 

The bar graphs represent the ratio of various proteins/controls observed in the western blots. The 

data represent the mean + S.D. of two to five independent experiments. Statistical analysis was 

performed using Student’s t-test and indicated as: ns, p >0.05; *, p≤ 0.05; **, p≤ 0.01; *** p≤ 

0.001, **** P ≤0.0001.  

 

 

Figure 2. Treatment with BBR antagonizes β-catenin/TCF transcriptional activity and 

expression of target genes. (A) HEK-293 and (B) Huh7 cells were transiently transfected with 

β-catenin/TCF-responsive reporter (pGL3-OT) or the corresponding mutant (pGL3-OF) along 

with empty vector (EV) or β-catenin-expressing vector and treated with DMSO (-) or indicated 

concentrations of BBR for 16hrs. Luciferase and β-Gal assays were performed next and the 

results were expressed as RLU/β-Gal values. Each transfection was performed in triplicate, and 

each experiment was repeated at least two times. The data represent the mean + S.D of three 

independent transfections. (C) Equal amounts of protein from Hep3B cells treated with DMSO 

(V) or BBR for 16hrs were analyzed by Western blots with the antibodies indicated. The bar 

graphs represent the ratio of various proteins/controls observed in the western blots. The data 
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represent the mean + 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 from 

Huh7 cells treated with DMSO or increasing concentrations of BBR for 16hrs and 24hrs were 

subjected to qPCR analysis for determining changes in Axin2 gene expression. The experiment 

was repeated at least three times and data represent the mean + S.D of four independent PCR 

reactions. Significant differences for (A), (B) and (D) were determined by t-test and indicated as: 

ns, p >0.05; *, p≤ 0.05; **, p≤ 0.01; *** p≤ 0.001, **** P ≤0.0001.  

 

Figure 3. BBR regulates β-catenin pathway independent of AMPK. (A) Subconfluent 

populations of Hep3B cells were transiently transfected with control-siRNA, or AMPKα1-

siRNA or α2-siRNA alone or in combination followed by treatment with DMSO or BBR for 

16hrs. Western blot analyses were performed with the antibodies indicated. (B) Hep3B or (C) 

Huh-7 cells stably overexpressing control-shRNA or AMPK α1 and α2-shRNA were treated with 

DMSO or BBR for 16hrs and analyzed by western blots. The bar graphs in (A) and (B) represent 

the ratio of various proteins/controls observed in the western blots. The data represent the mean 

+ S.D. of two independent experiments. Statistical analysis was performed using Student’s t-test 

and indicated as: *, p≤ 0.05; **, p≤ 0.01, *** p≤ 0.001. (D) Huh7 cells were co-transfected with 

β-catenin/TCF-responsive reporter (pGL3-OT) and β-catenin-expressing vector along with either 

control-siRNA, AMPKα1-siRNA, AMPKα2-siRNA or AMPKα1+α2-siRNA and treated with 

DMSO or BBR for 16hrs. Luciferase and β-Gal assays were performed as in Fig 2A and RLU/β-

Gal values expressed as % control. Each transfection was performed in triplicate, and each 

experiment was repeated at least two times. The data represent the mean + S.D of three 
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independent transfections. Significant differences were determined by t-test and indicated as: *, 

p≤ 0.05; **, p≤ 0.01; *** p≤ 0.001. 

  

Figure 4. BBR regulates β-catenin expression at the level of translation. (A) Total RNA 

extracted from Huh7 cells as in Fig 2D were subjected to qPCR analysis for determining changes 

in CTNNB1 (β-catenin) gene expression. The experiment was repeated at least three times and 

data represent the mean + S.D of 4 independent PCR reactions. Significant differences were 

determined by t-test and indicated as: ns, p >0.05; *, p≤ 0.05; **, p≤ 0.01. (B) Huh7 cells were 

treated with either DMSO or Actinomycin D (5µg/ml) or BBR (50µM) or a combination of 

Actinomycin D and BBR for 24hrs and analyzed by Western blots. (C) Huh7 cells were treated 

with DMSO (-) or with indicated concentrations of BBR for 24hrs following a pretreatment in 

the absence or presence of 10µM Lactacystin for 1hr. Equal amounts of lysates were analyzed by 

western blots. (D) Huh7 cells were treated with DMSO (-) or with indicated concentrations of 

BBR for 16hrs following a 2hr pretreatment in the absence (-) or presence (+) of 20µM MG132 

and analyzed by western blots. (E) Huh7 cells were pretreated with 50µg/ml Cycloheximide 

(CHX) for 24hrs followed by treatment with DMSO (-) or BBR-50µM (+) in combination with 

CHX for the indicated 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), 

(D) and (E) represent the ratio of various proteins/controls observed in the western blots. The 

data represent the mean + S.D. of two to four independent experiments. Statistical analysis was 

performed using Student’s t-test and indicated as: *, p≤ 0.05; **, p≤ 0.01, *** p≤ 0.001, **** P 

≤0.0001. 
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Figure 5. BBR inhibits mTOR pathway and cap-dependent translation. (A) Hep3B and (B) 

Huh7 cells were treated with DMSO (-) or BBR-50µM (+) 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 16hrs and harvested. Equal amounts of cell extracts were 

incubated with m7GTP agarose beads for 3hrs at 40C. 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. 

  

Figure 6. BBR-induced reduction of β-catenin involves cap-dependent translation. (A) 

Huh7 cells were treated with DMSO (-) or increasing concentrations of BBR for 16hrs following 

a 2hr pretreatment with or without 4EGI-1 (25µM) and analyzed by western blots. (B) Western 

blot analysis of extracts from HepG2 cells treated with DMSO (-) or BBR for 24hrs following a 

2hr 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 (Huh7-4EBP 1+2-

shRNA) were treated with DMSO (-) or BBR (+) for the indicated periods of time. Equal 

amounts of protein were analyzed by western blots with the antibodies indicated. The bar graphs 

represent the ratio of various proteins/controls observed in the western blots. The data represent 

the mean + S.D. of four independent experiments. Statistical analysis was performed using 

Student’s t-test and indicated as: *, p≤ 0.05; *** p≤ 0.001, **** P ≤0.0001. (D) Total RNA 

extracted from stable Huh7-control-shRNA or Huh7-4EBP 1+2-shRNA cells treated with 

DMSO (-) or BBR (+) for 48hrs were analyzed by qPCR for Axin2 gene expression. The 

experiment was repeated twice and data represent the mean + S.D. of two independent PCR 

reactions. Significant differences were determined by t-test and indicated as: ns, p >0.05; *, p≤ 
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0.05. (E) Huh7-control-shRNA or Huh7-4EBP 1+2-shRNA cells treated with DMSO (-) or BBR 

(+) for the indicated periods of time were analyzed by western blots. 

   

Figure 7. BBR induces apoptosis via antagonizing cap-dependent translation. (A) 

Representative pictures showing flowcytometric detection of apoptosis assays performed in 

Huh7-control-shRNA or Huh7-4EBP 1+2-shRNA cells treated with DMSO or BBR (50µM) for 

72hrs. 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 Huh7-4EBP 1+2-shRNA cells treated as in 7A were analyzed by JC-1 assay 

to detect changes in mitochondrial membrane potential. The quadrant lines were adjusted to 

highlight changes in the fluorescent intensity of cell populations with respect to control. Upper 

right quadrant represents cells containing healthy mitochondria with higher mitochondrial 

potential emitting a red and a green fluorescence at 590nm and 530nm respectively. Lower right 

quadrant represents apoptotic cells with reduced mitochondrial membrane potential emitting 

green fluorescence at 530nm. (C) Huh7-control-shRNA or Huh7-4EBP 1+2-shRNA cells treated 

with DMSO (-) or BBR-50µM (+) for the indicated periods of time were analyzed by western 

blots with the antibodies indicated.    
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Figure 8. BBR induces intrinsic apoptosis via targeting β-catenin. (A) Representative picture 

showing flowcytometric analysis of apoptosis assays performed in Huh7-control-shRNA or 

Huh7-4EBP 1+2-shRNA cells were pretreated with iCRT-14 (10µM) for 24hrs, followed by 

treatment with iCRT-14 (10µM) alone or in combination with BBR (50µM) for an additional 

24hrs. The cells that received DMSO and BBR (50µM) were treated with these for 24hrs. 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 Huh7-4EBP 1+2-shRNA cells treated as 

in 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 represents + S.D. of two independent 

experiments. Significant differences were determined by t-test and indicated as: ns, p >0.05; *, 

p≤ 0.05; **, p≤ 0.01.  (D) Huh7-control-shRNA or Huh7-4EBP 1+2-shRNA cells were 

pretreated with iCRT-14 (10µM) for 24hrs, followed by treatment with iCRT-14 (10µM) alone 

or in combination with BBR (50µM) for an additional 16hrs. The cells that received DMSO and 

BBR (50µM) were treated with these for 16hrs. 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 GAPDH was 

used as a positive control for cytoplasmic fraction. Cyto C indicates cytochrome c. 

 

Figure 9: Model illustrating translational regulation of β-catenin by BBR: (A) In the 

absence of BBR, an active mTORC1 pathway phosphorylates and inactivates 4EBP1, thus 

releasing eIF4E from 4EBP1. MNKs then phosphorylate and activate eIF4E. eIF4E interacts 

with other components of the translational machinery to form eIF4F which is recruited to 5’-

mRNA cap to initiate cap-dependent translation of β-catenin. This leads to increased cell 
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survival. (B) BBR inactivates mTORC1 leading to dephosphorylation and activation of 4EBP1 

and its interaction with eIF4E. BBR also inhibits MNK-induced eIF4E phosphorylation. This 

leads to disassembly of eIF4F and repression of β-catenin translation. Repression of β-catenin 

sensitizes the cells towards increased cell death.  
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