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Abstract

Though piperazine derivative BK10007S was known to induce apoptosis in pancreatic can-

cer xenograft model as a T-type CaV3.1 a1G isoform calcium channel blocker, its underlying

antitumor mechanism still remains unclear so far. Thus, in the present study, the antitumor

mechanism of BK10007S was elucidated in hepatocellular carcinoma cells (HCCs). Herein,

BK10007S showed significant cytotoxicity by 3-[4,5-2-yl]-2,5-diphenyltetra-zolium bromide

(MTT) assay and anti-proliferative effects by colony formation assay in HepG2 and SK-

Hep1 cells. Also, apoptotic bodies and terminal deoxynucleotidyl transferase (TdT) dUTP

Nick End Labeling (TUNEL) positive cells were observed in BK10007S treated HepG2 and

SK-Hep1 cells by 4’,6-diamidino-2-phenylinodole (DAPI) staining and TUNEL assay,

respectively. Consistently, BK10007S increased sub G1 population in HepG2 and SK-Hep1

cells by cell cycle analysis. Furthermore, Western blotting revealed that BK10007S acti-

vated the caspase cascades (caspase 8, 9 and 3), cleaved poly (ADP-ribose) polymerase

(PARP), and downregulated the expression of cyclin D1, survivin and for CUG-binding pro-

tein 1 (CUGBP1 or CELF1) in HepG2 and SK-Hep1 cells. Conversely, overexpression of

CUGBP1 reduced cleavages of PARP and caspase 3, cytotoxicity and subG1 population in

BK10007S treated HepG2 cells. Overall, these findings provide scientific evidences that

BK10007S induces apoptosis via inhibition of CUGBP1 and activation of caspases in hepa-

tocellular carcinomas as a potent anticancer candidate.

Introduction

Hepatocellular carcinoma (HCC) is one of intractable cancers worldwide and the fifth inci-

dence in the United States according to The American Cancer Society [1, 2]. It is well docu-

mented that most of HCCs have been treated by hepatic resection, the chemotherapy and

radiotherapy [3, 4]. Nevertheless, effective treatment of HCCs has limitations due to side
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effects, chemoresistance and recurrence. Thus, more effective therapy has been developed to

enhance apoptotic efficacy and reduce chemoresistance. There are accumulating evidences

that several survival genes such as MDR1, MRP, LRP [5, 6], survivin [7] and CUGBP1 [8] are

critically involved in chemoresistance to chemotherapy. Among them CUGBP1, so called

CELF1 (CUGBP Elav-like family member 1), is reported to be overexpressed in DM (Myo-

tonic dystrophy) [9] and several cancer cells [10–14].

Piperazines (1,4 diazacyclohexane) are known nitrogen containing heterocyclic compounds

that display a broad range of biological activities such as antiinflmmatory, antifungal, antima-

larial and anticancer effects. Recently piperazine derivative BK10007S was known to show

anticancer activity as a calcium channel blocker [15–17], since T-type calcium channel block-

ers are associated with proliferation of hepatocellular carcinoma [18, 19]. Nevertheless, its

underlying antitumor mechanism has never been examined in hepatocellular carcinoma cells

so far. Thus, in the current study, the apoptotic mechanism of BK10007S was elucidated in

HepG2 and SK-Hep1 cells especially in association with CUGBP1.

Materials and methods

Cell culture

Cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA,

USA). HepG2 (ATCC1 HB-8065™) was cultured in low glucose Dulbecco’s modified Eagle

medium (DMEM) supplemented with 10% fetal bovine serum (FBS; WelGENE, Daegu, South

Korea) and 1% antibiotic-antimycotic solution containing 100 units/ml penicillin, 0.1 mg/ml

streptomycin and 0.25 mg/ml amphotericin B (WelGENE, Daegu, South Korea), while

SK-Hep1 (ATCC1 HTB52™), Hep3B (ATCC1 HB-8064™) and Panc-1 (ATCC1 CRL-1469™)

was cultured in high glucose DMEM, and HCT116 (ATCC1 CCL-247™) and H460 (ATCC1

HTB-8064™) were cultured Roswell Park Memorial Institute (RPMI) 1640 with 10% FBS (Wel-

GENE, Daegu, South Korea) and 1% antibiotic-antimycotic solution (WelGENE, Daegu,

South Korea). Cell lines were maintained at 37˚C with 5% CO2 in a humidified incubator and

were used within 2 months of resuscitation.

Chemicals and reagents

BK10007S was supplied to us by Jae Yeol Lee Ph.D. (Kyung Hee University, South Korea).

Stock solution was prepared in dimethyl sulfoxide (DMSO; Ducksan, Ansan, South Korea).

Anti-PARP (#9542, Cell Signaling Technology, Beverly, MA, USA), pro caspase 8 (#9746, Cell

Signaling Technology, Beverly, MA, USA), procaspase 9 (#9502, Cell Signaling Technology,

Beverly, MA, USA), cleaved caspase 3 (#9664, Cell Signaling Technology, Beverly, MA, USA)

and cyclin D1 (#2978, Cell Signaling Technology, Beverly, MA, USA) were purchased from

Cell Signaling Technology. Anti-survivin (#SC-17779, Santa Cruz, Dallas, TX, USA) and

CUGBP1 (#SC-20003, Santa Cruz, Dallas, TX, USA) antibodies were obtained from Santa

Cruz. Anti-β-actin (#A2228, St Louis, MO, USA) antibody was purchased from Sigma-Aldrich

(Sigma-Aldrich, St Louis, MO, USA).

Cytotoxicity assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to

evaluate the cytotoxicity of the BK10007S in HepG2 and SK-Hep1 cells. HCCs were seeded in

96-well culture plates at a density of 1×104 cells/well and incubated overnight. The cells were

exposed to various concentrations (0, 3, 7 and 8.5μM) of BK10007S for 24 h. 50 μl of MTT

(1mg/ml, Sigma-Aldrich, St Louis, MO, USA) was added to each well for 1 h at 37˚C in dark
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and then the optical density was measured with Microplate Reader (TECAN, Mannedorf,

Switzerland) at 570 nm.

Colony formation assay

HepG2 and SK-Hep1 cells (1×103 cells/well) were seeded onto 6-well cell culture plate to

examine long term anti-proliferative effect of BK10007S. Cells were treated with BK10007S (0,

7 and 8.5 μM) for 24 h and the media was changed every three days. Cells were incubated for 2

weeks to grow colonies at 37˚C under the condition of 5% CO2, fixed with methanol and

stained with crystal violet solution (w/v 25% crystal violet, w/w 75% methanol) and dried over-

night. The wells were detected by EOS 450D Canon digital camera (Canon, Tokyo, Japan).

Optical density (OD) was measured by Microplate Reader (TECAN, Mannedorf, Switzerland)

at 590 nm.

Cell cycle analysis

For evaluation of apoptotic sub G1 portion, HepG2 and SK-Hep1 cells (4×105 cells/well) were

seeded onto 6-well cell culture plate and were exposed to BK10007S for 24 h. The cells were

harvested by trypsinization, washed with cold PBS, and then fixed with 75% ethanol at 20˚C

overnight. The completely fixed cells was collected, washed with PBS and incubated with

RNase (1 mg/ml) for 1 h at 37˚C. Then the cells were stained with 500 μl Propidium Iodide

(PI; 25 μg/ml, Sigma-Aldrich, St Louis, MO, USA) at room temperature. The stained cells were

analyzed by FACS Calibur flow cytometer (Becton Dickinson, FranklinLakes, NJ, USA).

DAPI staining assay

HepG2 and SK-Hep1 cells were treated with BK10007S to identify the fragmentation and con-

densation of the nucleus of HepG2 and SK-Hep1 cells. The cells were fixed with 4% parafor-

maldehyde, stained with 25 μg/ml DAPI. Stained cells were mounted with mounting medium

(Vectashield, CA, USA) and visualized by using Olympus FLUOVIEW FV10i confocal micro-

scope (Olympus, Tokyo, Japan).

TUNEL assay

HepG2 cells in a four well chamber were treated with BK10007S for 24 h to confirm the apo-

ptotic bodies in BK10007S treated HepG2 cells. The cells were fixed with 4% paraformaldehyde

and permeabilized in PBS with 0.1% Triton X-100 and 0.1% sodium citrate for 2 min on ice.

50 μl TUNEL reaction mixture (Roche, Mannheim, Germany) was added to the sample slide,

which was covered with cover-film and incubated in a humidified atmosphere for 1 h at 37˚C.

Then the stained cells were rinsed twice with PBS, stained with 25 μg/ml PI (Sigma-Aldrich, St

Louis, MO, USA), mounted with the mounting medium (Vectashield, CA, USA) and visual-

ized by using Olympus FLUOVIEW FV10i confocal microscope (Olympus, Tokyo, Japan).

Western blotting

HepG2 and SK-Hep1 cells were lysed in RIPA buffer (Sigma-Aldrich, St Louis, MO, USA)

containing 50 mM Tris- HCl, 150 mM NaCl, 2 mM EDTA, and 1% TritonX-100 with protease

inhibitors (Roche, Mannheim, Germany) and phosphatase inhibitors (Sigma-Aldrich, St

Louis, MO, USA). The lysates were quantified by DC Protein Assay Kit II (Bio-Rad Hercules,

CA, USA). The protein samples were electrophoresed on 8 to 15% SDS-polyacrylamide gels,

and transferred to nitrocellulose membranes. Membranes were blocked with TBST diluted 5%

skim milk for 1h at room temperature or TBST diluted 5% BSA for 4 h at 4˚C. Then these
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were incubated with primary antibodies diluted in 5% BSA in TBST overnight at 4˚C, washed

three times with TBST, and incubated with HRP-conjugated secondary antibodies for 1 h.

Expression was visualized by using ECL Immunoblotting detection reagent (GE Healthcare,

Buckinghamshire, UK).

Transfection assay

Flag-tagged CUGBP1 was obtained from prof. JH Ha. Ph.D (Kyung Hee University, South

Korea). For DNA transient-overexpression transfection, HepG2 cells were transfected with

flag-tagged CUGBP1 plasmid using transfection reagent (iN-fect, iNtRON Biotechnology,

Seongnam, South Korea) for further experiment.

Statistical analysis

All statistical analyses were carried out by using SPSS (SPSS, IBM Corporation) and GraphPad

Prism software (Version 5.0, California, USA). Data were expressed as means ± SD from at

least three independent experiments. The one-way analysis of variance (ANOVA) followed by

a Turkey post-hoc test was used for within-group comparisons. For two group comparisons,

the independent sample Student’s t-test was performed. A significant difference was consid-

ered if the p-value was less than 0.05.

Results

BK10007S exerts cytotoxic and antiproliferative effects in HepG2 and

SK-Hep1 HCCs

MTT assay was performed to test the cytotoxic effect of BK10007S (Fig 1A) in HepG2,

SK-Hep1, Hep3B (Hepatocellular carcinoma cell lines), Panc-1 (Pancreatic cancer cell line),

HCT116 (Colorectal cancer cell line) and H460 (Lung cancer cell line) various cancer cell

lines. As shown in Fig 1B, BK10007S significantly decreased the viability of HepG2 and

SK-Hep1 cells in a dose dependent manner. Also, BK10007S attenuated the proliferative effect

by reducing the size and number of colonies compared to untreated control in HCCs by col-

ony formation assay (Fig 1C).

BK10007S induces apoptotic morphological changes in HepG2 and

SK-Hep1 HCCs

BK10007S induced apoptotic morphological changes by reducing cell to cell contact (Fig 2A),

showing apoptotic bodies and fragmentation of nucleus in HepG2 and SK-Hep1 cells by DAPI

staining (Fig 2B) and also increased the number of TUNEL positive green fluorescent cells in

HepG2 cells (Fig 2C).

BK10007S increases sub G1 population and regulates apoptosis-related

proteins and CUGBP1 in HepG2 and SK-Hep1 HCCs

To confirm apoptotic portion at cellular level, cell cycle analysis was performed in HepG2 and

SK-Hep1 cells after treatment of BK10007S (0, 7, and 8.5 μM) for 24 h. Here BK10007S effec-

tively increased sub G1 population in HepG2 and SK-Hep1 cells, but HepG2 cells were more

susceptible to BK10007S compared to SK-Hep1 cells at 8.5 μM (Fig 3A). Next, after exposure

to BK10007S for 24 h, Western blotting was conducted for cleaved PARP, pro caspase 8, pro

caspase 9, cleaved caspase 3, survivin and CUGBP1. As shown in Fig 3B, BK10007S cleaved

PARP and caspase 3, attenuated the expression of procaspase 8/9, survivin and CUGBP1 in
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two HCCs. Also, phosphorylation of AKT and ERK and the expression of Cyclin D1 were

attenuated in SK-Hep1 cells by BK10007S, while it did not affect phosphorylation of JNK and

p38 MAPK (S1 Fig).

Overexpression of CUGBP1 disturbs BK10007S induced apoptosis in

HCCs

To identify whether overexpression of CUGBP1 blocks apoptosis by BK10007S, cytotoxicity

assay was conducted in HepG2 cells exposed to 7 μM of BK10007S for 24 h. overexpression of

Fig 1. The chemical structure and cytotoxic and antiproliferative effects of BK10007S in HepG2 and SK-Hep1 cells.

(A) The chemical structure of BK10007S (C37H44Cl3FN6O). (B) Cytotoxicity of BK10007S in HepG2, SK-Hep1, Hep3B,

Panc-1, HCT116 and H460 various cancer cells. The cells were treated with various concentrations of BK10007S (0, 3, 7

and 8.5 μM). Cell viability was measured by MTT assay. Data represent means ± S.D from three independent experiments.

(C) Anti-proliferative effect of BK10007S in HepG2 and SK-Hep1 cells by colony formation assay. HepG2 and SK-Hep1

cells (1 x 103 cells) were treated with various concentrations (0, 7 and 8.5 μM) of BK10007S for 24 h and culture media were

changed every three days. Cells were incubated for 2 weeks to grow colonies at 37˚C under the condition of 5% CO2, fixed

with methanol, stained with crystal violet solution and dried overnight. The wells were detected by EOS 450D Canon digital

camera. *** p < 0.001 vs control. Data represent means ± S.D from three independent experiments.

https://doi.org/10.1371/journal.pone.0186490.g001
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Fig 2. Apoptotic morphological changes of BK10007S in HepG2 and SK-Hep1 cells. (A) Detached and dead cells

were observed in BK10007S-treated HepG2 and SK-Hep1 cells by optical microscope (Zeiss Observer A1). (B) HepG2 and

SK-Hep1 cells were treated with 7 and 8.5 μM concentrations of BK10007S for 24 h, washed with PBS and stained with

50 μg/ml of DAPI. Apoptotic bodies stained by DAPI were observed. (C) HepG2 cells were treated with BK10007S for 24 h

and stained with PI and TUNEL according to Roche’s protocol. This observation was detected by using Olympus FLOVIEW

FV10i confocal microscope.

https://doi.org/10.1371/journal.pone.0186490.g002
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Fig 3. Effect of BK10007S on sub G1 population and apoptosis related proteins in HepG2 and SK-Hep1 cells. (A)

HepG2 and SK-Hep1 cells were treated with 7 or 8.5 μM of BK10007S for 24 h and fixed with 70% ethanol overnight. The cells

were stained with 50 μg/ml of PI and then analyzed by FACS Calibur using CellQuest software. Data represent means ± S.D

from three independent experiments (*** p < 0.001 vs control). (B) HepG2 and SK-Hep1 cells were treated with 7 and 8.5 μM

of BK10007S for 24 h and were subjected to Western blotting for PARP, procaspase-8, procaspase-9, cleaved caspase-3,

survivin and CUGBP1. Membranes were probed with a β-actin antibody as a loading control.

https://doi.org/10.1371/journal.pone.0186490.g003
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CUGBP1 repressed the cytotoxic effect by BK10007S in HepG2 cells as shown in Fig 4A. It was

also observed that cell death and anoikis by BK10007S were significantly overcome in CUGB-

P1-overexpressed HepG2 cells (Fig 4B). Also, overexpression of CUGBP1 enhanced the prolif-

eration of HepG2 cells and blocked antiproliferative activity of BK10007S in HepG2 cells (S2

Fig).

Consistently, overexpression of CUGBP1 reduced sub G1 accumulation by BK10007S in

HepG2 cells compared to untreated control as shown in Fig 5A. Furthermore, protein expres-

sion of cleaved PARP and cleaved caspase 3 was decreased in CUGBP1 overexpressed-HepG2

and SK-Hep1 cells compared to pcDNA 3.1 vector control (Fig 5B).

Discussion

To develop more potent anticancer agents for HCC treatment, the underlying apoptotic mech-

anism of piperazine derivative BK10007S was elucidated in HepG2 and SK-Hep1 cells. Herein

BK10007S showed significant cytotoxicity and reduced the size and number of colonies in

HepG2 and SK-Hep1 cells by MTT and clonogenic assays, implying significant antitumor

effect of BK10007S via cytotoxic and anti-proliferative effects of BK10007S.

Apoptosis consists of typical morphological and biochemical changes. The morphological

events are initiated by cell shrinkage and chromatin condensation leading to membrane bleb-

bing, nuclear fragmentation and apoptotic body formation [20]. Herein BK10007S reduced

cell to cell contact and also DAPI staining and TUNEL assay revealed that more apoptotic bod-

ies and TUNEL positive cells were shown in BK10007S treated HepG2 and/or SK-Hep1 cells,

indicating apoptotic property of BK10007S in HCCs. Consistently, BK10007S increased subG1

apoptotic portion in HepG2 and SK-Hep1 cells by flow cytometric analysis.

Two typical apoptotic pathways are the intrinsic mitochondrial-dependent pathway and

the extrinsic death receptor-mediated pathway via caspase activation [21, 22]. In the intrinsic

pathway, mitochondrial cytochrome C is released into the cytosol to form apoptosome with

apoptotic protease activating factor 1(Apaf-1) to activate caspase 9 [23]. In contrast, in the

extrinsic pathway, stimulation of death receptors such as TNF-related apoptosis-inducing

ligand (TRAIL) receptors or CD95 (APO-1/Fas) results in the activation of the initiator cas-

pase 8, leading to activation of effector caspase 3 for apoptosis induction [24]. Here BK10007S

activated the expression of caspase 8, 9 and 3, and cleavage of PARP, and also suppressed anti-

apoptotic protein survivin in HepG2 and SK-Hep1 cells, demonstrating intrinsic and extrinsic

apoptotic pathway of BK10007S in HCCs.

Emerging evidences reveal that CUGBP1 is involved in cell proliferation, growth and cell

cycle [14], mostly overexpressed in glioma [25] and oral squamous cell carcinoma [26] and acts

as a target molecule for brain metastasis from non-small lung cancer cells [27]. Also, previous

evidences showed that the ectopic expression of CUGBP1 increases resistance to caspase depen-

dent apoptosis in various cells such as nhESO esophageal epithelial cells [28] and oral cancer

cells [10]. Similarly, current study showed overexpression of CUGBP1 suppressed the cytotoxic-

ity, sub G1 accumulation and cleavages of PARP and caspase 3 induced by BK10007S in HepG2

cells, indicating the pivotal role of CUGBP1 in BK10007S induced apoptosis in HCCs.

However, it was well documented that AKT induces CUGBP1, leading to increase its affin-

ity to cyclin D1 at mRNA [29, 30] and protein levels [31]. Also, CUGBP1 is closely related to

p-ERK in colorectal cancer cells [32]. Here BK10007S reduced the expression of p-AKT,

Cyclin D1 and p-ERK, but not p38MAPK/p-JNK in SK-Hep1 cells, implying the involvement

of PI3K/AKT, ERK or cyclin D1 in BK10007S induced apoptosis in HCCs regardless of

CUGBP1 signaling. Hence, the detailed mechanism of CUGBP1 along with upstream and

downstream molecules via protein-protein interactions should be further studied in the future.
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Fig 4. Effect of CUGBP1 overexpression on cell viability and apoptotic morphology in BK10007S

treated HepG2 cells. (A) HepG2 cells were transfected with pcDNA 3.1 plasmid or CUGBP1-overexpression

plasmid for 24 h and exposed to BK10007S (0 and 7 μM) for 24 h. Cell viability was measured by MTT assay.

Data represent means ± S.D from three independent experiments. * p < 0.05, ## p < 0.001 vs pcDNA 3.1

control. (B) Morphological changes were observed by Zeiss observer A1 (Zeiss, Oberkochen, Germany) in

HepG2 cells transfected with pcDNA 3.1 plasmid or CUGBP1 overexpression plasmid following exposure to

BK10007S (0 and 7 μM) for 24 h.

https://doi.org/10.1371/journal.pone.0186490.g004
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Fig 5. Effect of CUGBP1 overexpression on subG1 population, cleaved PARP and cleaved caspase-3 in BK10007S treated

HCCs. (A) HepG2 cells transfected with pcDNA 3.1 plasmid or CUGBP1 overexpression plasmid were exposed to 7 μM of

BK10007S for 24 h and cell cycle analysis was conducted by FACS Calibur using PI staining. Data represent means ± S.D from

three independent experiments (* p < 0.05 vs pcDNA 3.1 control). (B) HepG2 and SK-Hep1 cells transfected with pcDNA 3.1

plasmid or CUGBP1 overexpression plasmid were exposed to 7 μM of BK10007S for 24 h and were subjected to Western blotting

for PARP, cleaved PARP, cleaved caspase 3 and CUGBP1. Membranes were probed with a β-actin antibody as a loading control.

https://doi.org/10.1371/journal.pone.0186490.g005
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Conclusions

Our results demonstrate that a calcium channel blocker BK10007S exerted cytotoxic and anti-

proliferative effects, increased sub G1 population and induced apoptosis via inhibition of

CUGBP1 and activation of caspases in HepG2 and SK-Hep1 hepatocellular carcinomas. Over-

all, these findings suggest that BK10007S induces apoptosis via inhibition of CUGBP1and acti-

vation of caspases in HCCs as a potent anticancer agent.

Supporting information

S1 Fig. Effect of BK10007S on phosphorylation of AKT and MAPKs and the expression of

Cyclin D1 in SK-Hep1 cells.

(TIF)

S2 Fig. Overexpression of CUGBP1 reduces the antiproliferative activity of BK10007S in

HepG2 cells by colony formation assay.

(TIF)

Acknowledgments

This work was supported by a National Research Foundation of Korea (NRF) grant funded by

the Korean government [MEST] (No. 2017R1A2A1A17069297).

Author Contributions

Conceptualization: Ju-Ha Kim, Hee Young Kwon, Sung-Hoon Kim.

Data curation: Ju-Ha Kim, Hee Young Kwon.

Formal analysis: Ju-Ha Kim, Hee Young Kwon.

Funding acquisition: Sung-Hoon Kim.

Investigation: Dong Hoon Ryu, Bum Sang Shim.

Methodology: Hee Young Kwon, Dong Hoon Ryu, Min-Ho Nam.

Project administration: Jin Han Kim, Jae Yeol Lee.

Resources: Dong Hoon Ryu.

Supervision: Sung-Hoon Kim.

Validation: Ju-Ha Kim.

Visualization: Ju-Ha Kim.

Writing – original draft: Ju-Ha Kim.

Writing – review & editing: Ju-Ha Kim, Sung-Hoon Kim.

References
1. Torre LA, Siegel RL, Ward EM, Jemal A. Global Cancer Incidence and Mortality Rates and Trends—An

Update. Cancer Epidemiol Biomarkers Prev. 2016; 25(1):16–27. https://doi.org/10.1158/1055-9965.

EPI-15-0578 PMID: 26667886.

2. Mortality GBD, Causes of Death C. Global, regional, and national life expectancy, all-cause mortality,

and cause-specific mortality for 249 causes of death, 1980–2015: a systematic analysis for the Global

Burden of Disease Study 2015. Lancet. 2016; 388(10053):1459–1544. https://doi.org/10.1016/S0140-

6736(16)31012-1 PMID: 27733281.

BK10007S induces apoptosis via CUGBP1 inhibition and caspase activation in hepatocellular carcinoma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0186490 October 16, 2017 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186490.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186490.s002
https://doi.org/10.1158/1055-9965.EPI-15-0578
https://doi.org/10.1158/1055-9965.EPI-15-0578
http://www.ncbi.nlm.nih.gov/pubmed/26667886
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1016/S0140-6736(16)31012-1
http://www.ncbi.nlm.nih.gov/pubmed/27733281
https://doi.org/10.1371/journal.pone.0186490


3. Klungboonkrong V, Das D, McLennan G. Molecular Mechanisms and Targets of Therapy for Hepatocel-

lular Carcinoma. Journal of vascular and interventional radiology: JVIR. 2017. Epub 2017/04/19. https://

doi.org/10.1016/j.jvir.2017.03.002 PMID: 28416267.

4. Covey AM, Hussain SM. Liver-Directed Therapy for Hepatocellular Carcinoma: An Overview of Tech-

niques, Outcomes, and Posttreatment Imaging Findings. AJR American journal of roentgenology.

2017:1–10. Epub 2017/03/30. https://doi.org/10.2214/ajr.17.17799 PMID: 28350491.

5. Petraccia L, Onori P, Sferra R, Lucchetta MC, Liberati G, Grassi M, et al. [MDR (multidrug resistance)

in hepatocarcinoma clinical-therapeutic implications]. Clin Ter. 2003; 154(5):325–335. PMID:

14994922.

6. Modok S, Mellor HR, Callaghan R. Modulation of multidrug resistance efflux pump activity to overcome

chemoresistance in cancer. Curr Opin Pharmacol. 2006; 6(4):350–354. https://doi.org/10.1016/j.coph.

2006.01.009 PMID: 16690355.

7. Garg H, Suri P, Gupta JC, Talwar GP, Dubey S. Survivin: a unique target for tumor therapy. Cancer Cell

Int. 2016; 16:49. Epub 2016/06/25. https://doi.org/10.1186/s12935-016-0326-1 PMID: 27340370

8. Chang ET, Donahue JM, Xiao L, Cui Y, Rao JN, Turner DJ, et al. The RNA-binding protein CUG-BP1

increases survivin expression in oesophageal cancer cells through enhanced mRNA stability. Biochem

J. 2012; 446(1):113–123. Epub 2012/06/01. https://doi.org/10.1042/BJ20120112 PMID: 22646166

9. Philips AV, Timchenko LT, Cooper TA. Disruption of splicing regulated by a CUG-binding protein in

myotonic dystrophy. Science. 1998; 280(5364):737–741. Epub 1998/05/23. PMID: 9563950.

10. Talwar S, Balasubramanian S, Sundaramurthy S, House R, Wilusz CJ, Kuppuswamy D, et al. Overex-

pression of RNA-binding protein CELF1 prevents apoptosis and destabilizes pro-apoptotic mRNAs in

oral cancer cells. RNA Biol. 10(2):277–286. Epub 2013/01/18. https://doi.org/10.4161/rna.23315

PMID: 23324604.

11. Wu LN, Xue YJ, Zhang LJ, Ma XM, Chen JF. Si-RNA mediated knockdown of CELF1 gene suppressed

the proliferation of human lung cancer cells. Cancer Cell Int. 13(1):115. Epub 2013/11/19. https://doi.

org/10.1186/1475-2867-13-115 PMID: 24237593.

12. Xia L, Sun C, Li Q, Feng F, Qiao E, Jiang L, et al. CELF1 is Up-Regulated in Glioma and Promotes Gli-

oma Cell Proliferation by Suppression of CDKN1B. Int J Biol Sci. 11(11):1314–1324. Epub 2015/11/05.

https://doi.org/10.7150/ijbs.11344 PMID: 26535026.

13. Zhou Y, Ma H, Fang J, Lian M, Feng L, Wang R. Knockdown of CUG-binding protein 1 induces apopto-

sis of human laryngeal cancer cells. Cell Biol Int. 38(12):1408–1414. Epub 2014/08/01. https://doi.org/

10.1002/cbin.10356 PMID: 25077823.

14. Gao C, Yu Z, Liu S, Xin H, Li X. Overexpression of CUGBP1 is associated with the progression of non-

small cell lung cancer. Tumour Biol. 36(6):4583–4589. Epub 2015/01/27. https://doi.org/10.1007/

s13277-015-3103-1 PMID: 25619475.

15. Roderick HL, Cook SJ. Ca2+ signalling checkpoints in cancer: remodelling Ca2+ for cancer cell prolifera-

tion and survival. Nat Rev Cancer. 2008; 8(5):361–375. Epub 2008/04/25. https://doi.org/10.1038/

nrc2374 PMID: 18432251.

16. Monteith GR, Davis FM, Roberts-Thomson SJ. Calcium channels and pumps in cancer: changes and

consequences. J Biol Chem. 287(38):31666–31673. Epub 2012/07/24. https://doi.org/10.1074/jbc.

R112.343061 PMID: 22822055.

17. Monteith GR, McAndrew D, Faddy HM, Roberts-Thomson SJ. Calcium and cancer: targeting Ca2+

transport. Nat Rev Cancer. 2007; 7(7):519–530. Epub 2007/06/23. https://doi.org/10.1038/nrc2171

PMID: 17585332.

18. Li Y, Liu S, Lu F, Zhang T, Chen H, Wu S, et al. A role of functional T-type Ca2+ channel in hepatocellu-

lar carcinoma cell proliferation. Oncol Rep. 2009; 22(5):1229–1235. Epub 2009/09/30. PMID:

19787244.

19. Dziegielewska B, Gray LS, Dziegielewski J. T-type calcium channels blockers as new tools in cancer

therapies. Pflugers Arch. 2014; 466(4):801–810. Epub 2014/01/23. https://doi.org/10.1007/s00424-

014-1444-z PMID: 24449277.

20. Sankari SL, Masthan KM, Babu NA, Bhattacharjee T, Elumalai M. Apoptosis in cancer—an update.

Asian Pac J Cancer Prev. 2012; 13(10):4873–4878. Epub 2012/12/19. PMID: 23244073.

21. Fadeel B, Orrenius S. Apoptosis: a basic biological phenomenon with wide-ranging implications in

human disease. J Intern Med. 2005; 258(6):479–517. https://doi.org/10.1111/j.1365-2796.2005.01570.

x PMID: 16313474.

22. Kiraz Y, Adan A, Kartal Yandim M, Baran Y. Major apoptotic mechanisms and genes involved in apopto-

sis. Tumour Biol. 2016. https://doi.org/10.1007/s13277-016-5035-9 PMID: 27059734.

23. Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science. 2004; 305

(5684):626–629. Epub 2004/08/03. https://doi.org/10.1126/science.1099320 PMID: 15286356.

BK10007S induces apoptosis via CUGBP1 inhibition and caspase activation in hepatocellular carcinoma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0186490 October 16, 2017 12 / 13

https://doi.org/10.1016/j.jvir.2017.03.002
https://doi.org/10.1016/j.jvir.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28416267
https://doi.org/10.2214/ajr.17.17799
http://www.ncbi.nlm.nih.gov/pubmed/28350491
http://www.ncbi.nlm.nih.gov/pubmed/14994922
https://doi.org/10.1016/j.coph.2006.01.009
https://doi.org/10.1016/j.coph.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16690355
https://doi.org/10.1186/s12935-016-0326-1
http://www.ncbi.nlm.nih.gov/pubmed/27340370
https://doi.org/10.1042/BJ20120112
http://www.ncbi.nlm.nih.gov/pubmed/22646166
http://www.ncbi.nlm.nih.gov/pubmed/9563950
https://doi.org/10.4161/rna.23315
http://www.ncbi.nlm.nih.gov/pubmed/23324604
https://doi.org/10.1186/1475-2867-13-115
https://doi.org/10.1186/1475-2867-13-115
http://www.ncbi.nlm.nih.gov/pubmed/24237593
https://doi.org/10.7150/ijbs.11344
http://www.ncbi.nlm.nih.gov/pubmed/26535026
https://doi.org/10.1002/cbin.10356
https://doi.org/10.1002/cbin.10356
http://www.ncbi.nlm.nih.gov/pubmed/25077823
https://doi.org/10.1007/s13277-015-3103-1
https://doi.org/10.1007/s13277-015-3103-1
http://www.ncbi.nlm.nih.gov/pubmed/25619475
https://doi.org/10.1038/nrc2374
https://doi.org/10.1038/nrc2374
http://www.ncbi.nlm.nih.gov/pubmed/18432251
https://doi.org/10.1074/jbc.R112.343061
https://doi.org/10.1074/jbc.R112.343061
http://www.ncbi.nlm.nih.gov/pubmed/22822055
https://doi.org/10.1038/nrc2171
http://www.ncbi.nlm.nih.gov/pubmed/17585332
http://www.ncbi.nlm.nih.gov/pubmed/19787244
https://doi.org/10.1007/s00424-014-1444-z
https://doi.org/10.1007/s00424-014-1444-z
http://www.ncbi.nlm.nih.gov/pubmed/24449277
http://www.ncbi.nlm.nih.gov/pubmed/23244073
https://doi.org/10.1111/j.1365-2796.2005.01570.x
https://doi.org/10.1111/j.1365-2796.2005.01570.x
http://www.ncbi.nlm.nih.gov/pubmed/16313474
https://doi.org/10.1007/s13277-016-5035-9
http://www.ncbi.nlm.nih.gov/pubmed/27059734
https://doi.org/10.1126/science.1099320
http://www.ncbi.nlm.nih.gov/pubmed/15286356
https://doi.org/10.1371/journal.pone.0186490


24. Walczak H, Krammer PH. The CD95 (APO-1/Fas) and the TRAIL (APO-2L) apoptosis systems. Exp

Cell Res. 2000; 256(1):58–66. https://doi.org/10.1006/excr.2000.4840 PMID: 10739652.

25. Xia L, Sun C, Li Q, Feng F, Qiao E, Jiang L, et al. CELF1 is Up-Regulated in Glioma and Promotes Gli-

oma Cell Proliferation by Suppression of CDKN1B. Int J Biol Sci. 2015; 11(11):1314–1324. Epub 2015/

11/05. https://doi.org/10.7150/ijbs.11344 PMID: 26535026

26. House RP, Talwar S, Hazard ES, Hill EG, Palanisamy V. RNA-binding protein CELF1 promotes tumor

growth and alters gene expression in oral squamous cell carcinoma. Oncotarget. 2015; 6(41):43620–

43634. Epub 2015/10/27. https://doi.org/10.18632/oncotarget.6204 PMID: 26498364

27. Wang X, Jiao W, Zhao Y, Zhang L, Yao R, Wang Y, et al. CUG-binding protein 1 (CUGBP1) expression

and prognosis of brain metastases from non-small cell lung cancer. Thorac Cancer. 2016; 7(1):32–38.

Epub 2016/01/28. https://doi.org/10.1111/1759-7714.12268 PMID: 26816536

28. Chang ET, Donahue JM, Xiao L, Cui Y, Rao JN, Turner DJ, et al. The RNA-binding protein CUG-BP1

increases survivin expression in oesophageal cancer cells through enhanced mRNA stability. Biochem-

ical Journal. 446(1):113–123. https://doi.org/10.1042/BJ20120112 PMID: 22646166

29. Beisang D, Rattenbacher B, Vlasova-St Louis IA, Bohjanen PR. Regulation of CUG-binding protein 1

(CUGBP1) binding to target transcripts upon T cell activation. J Biol Chem. 287(2):950–960. Epub

2011/11/26. https://doi.org/10.1074/jbc.M111.291658 PMID: 22117072.

30. Salisbury E, Sakai K, Schoser B, Huichalaf C, Schneider-Gold C, Nguyen H, et al. Ectopic expression

of cyclin D3 corrects differentiation of DM1 myoblasts through activation of RNA CUG-binding protein,

CUGBP1. Exp Cell Res. 2008; 314(11–12):2266–2278. Epub 2008/06/24. https://doi.org/10.1016/j.

yexcr.2008.04.018 PMID: 18570922.

31. Liu Y, Huang H, Yuan B, Luo T, Li J, Qin X. Suppression of CUGBP1 inhibits growth of hepatocellular

carcinoma cells. Clin Invest Med. 37(1):E10–18. Epub 2014/02/08. PMID: 24502807.

32. Wang H, Zhu Y, Jiang T, Chen H, Zhu A, Piao D. CELF1 promotes colorectal cancer proliferation and

chemoresistance via activating the MAPK signaling pathway. INTERNATIONAL JOURNAL OF CLINI-

CAL AND EXPERIMENTAL PATHOLOGY. 9(11):11254–11261.

BK10007S induces apoptosis via CUGBP1 inhibition and caspase activation in hepatocellular carcinoma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0186490 October 16, 2017 13 / 13

https://doi.org/10.1006/excr.2000.4840
http://www.ncbi.nlm.nih.gov/pubmed/10739652
https://doi.org/10.7150/ijbs.11344
http://www.ncbi.nlm.nih.gov/pubmed/26535026
https://doi.org/10.18632/oncotarget.6204
http://www.ncbi.nlm.nih.gov/pubmed/26498364
https://doi.org/10.1111/1759-7714.12268
http://www.ncbi.nlm.nih.gov/pubmed/26816536
https://doi.org/10.1042/BJ20120112
http://www.ncbi.nlm.nih.gov/pubmed/22646166
https://doi.org/10.1074/jbc.M111.291658
http://www.ncbi.nlm.nih.gov/pubmed/22117072
https://doi.org/10.1016/j.yexcr.2008.04.018
https://doi.org/10.1016/j.yexcr.2008.04.018
http://www.ncbi.nlm.nih.gov/pubmed/18570922
http://www.ncbi.nlm.nih.gov/pubmed/24502807
https://doi.org/10.1371/journal.pone.0186490

