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Abstract

Background: Up-regulation and association of nuclear factor kappa B (NF-kB) with carcinogenesis and tumor progression
has been reported in several malignancies. In the current study, expression of NF-kB in cholangiocarcinoma (CCA) patient
tissues and its clinical significance were determined. The possibility of using NF-kB as the therapeutic target of CCA was
demonstrated.

Methodology: Expression of NF-kB in CCA patient tissues was determined using immunohistochemistry. Dehydrox-
ymethylepoxyquinomicin (DHMEQ), a specific NF-kB inhibitor, was used to inhibit NF-kB action. Cell growth was
determined using an MTT assay, and cell apoptosis was shown by DNA fragmentation, flow cytometry and
immunocytofluorescent staining. Effects of DHMEQ on growth and apoptosis were demonstrated in CCA cell lines and
CCA-inoculated mice. DHMEQ-induced apoptosis in patient tissues using a histoculture drug response assay was quantified
by TUNEL assay.

Principal Findings: Normal bile duct epithelia rarely expressed NF-kB (subunits p50, p52 and p65), whereas all CCA patient
tissues (n = 48) over-expressed all NF-kB subunits. Inhibiting NF-kB action by DHMEQ significantly inhibited growth of
human CCA cell lines in a dose- and time-dependent manner. DHMEQ increased cell apoptosis by decreasing the anti-
apoptotic protein expressions–Bcl-2, XIAP–and activating caspase pathway. DHMEQ effectively reduced tumor size in CCA-
inoculated mice and induced cell apoptosis in primary histocultures of CCA patient tissues.

Conclusions: NF-kB was over-expressed in CCA tissues. Inhibition of NF-kB action significantly reduced cell growth and
enhanced cell apoptosis. This study highlights NF-kB as a molecular target for CCA therapy.
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Introduction

O. viverrini, a carcinogenic liver fluke, is endemic mainly in

Thailand, the Laotian People’s Democratic Republic, Cambodia

and central Vietnam [1]. The animal and epidemiological studies

strongly showed the association of O. viverrini infection and

cholangiocarcinoma (CCA) development in this geographical area

(reviewed in [2]) with individuals being infected by consuming raw

or uncooked fish contaminated with the metacercariae, the

infective stage of the parasite. At least 10 million people were

estimated to be infected with O. viverrini in Thailand and the

Laotian PDR with an unknown number of additional cases in

Cambodia and Vietnam [3] and aproximately 5% of these were

predicted to develop CCA.

CCA is rare worldwide, comprising around 10–15% of primary

liver cancers in most parts of the world. The incidence, however, is

very high in Southeast Asia, especially in the northeast of Thailand

where the prevalence of O. viverrini infection and CCA are the

highest in the country [4]. The mortality rates of primary liver

cancer in both males and females in this region in 2010 were

34.86/100,000 or 14,410 cases per year [5]. In Khon Kaen

province, the endemic area of O. viverrini, the mortality rates of

CCA in the area were as high as 62.0/100,000 in males and 25.6/

100,000 in females [6]. CCA is an aggressive and lethal cancer. As

it is difficult to diagnose at an early stage, almost all patients are

PLOS ONE | www.plosone.org 1 August 2014 | Volume 9 | Issue 8 | e106056

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0106056&domain=pdf


diagnosed at a late presentation with advanced and incurable

disease. In addition, the recurrence rate is high even in patients

who have undergone complete surgical resection. These factors

lead to the high mortality rate of CCA patients. At present, there is

no effective treatment for CCA, hence, an improvement of new

therapeutic regimens using specifically targeted molecules is

deemed essential to improve the clinical outcome.

In recent years, nuclear factor-kB (NF-kB) has emerged as a

potential molecular possibility for treatment of several malignan-

cies [7–9]. Active NF-kB complexes are dimers of various

combinations of the Rel family of polypeptides consisting of p50

(NF-kB1), p52 (NF-kB2), c-Rel, v-Rel, Rel A (p65) and Rel B [10].

NF-kB is activated by a wide variety of stimuli and cytokines,

including UV radiation, chemical carcinogens, tumor necrosis

factor-a, chemotherapeutic agents [11,12] and radiation therapy

[13,14], which cause dissociation of the binding of inhibitory IkB

proteins and consequently leads to the relocation of the NF-kB

complex into the nucleus. Activated NF-kB promotes over 150

target transcripts, which include various genes involved in cell

proliferation [15], angiogenesis [16], metastasis [17], suppression

of apoptosis [18] and resistance to chemotherapeutic drugs

[19,20]. These data indicate NF-kB as a valid therapeutic

molecule for cancer treatment.

In the current study, aberrant expression of NF-kB in CCA

patient tissues was first reported. It was further shown that

inhibiting the action of NF-kB using DHMEQ (dehydroxymethy-

lepoxyquinomicin), a novel NF-kB inhibitor, could effectively

suppress growth of CCA cell lines and CCA in inoculated mice.

The treatment also induced apoptosis of CCA in cell lines and

CCA patient tissues. The molecular basis by which DHMEQ

affected expression of apoptosis related proteins and nuclear

translocation of NF-kB were verified. These findings provide the

first evidence indicating NF-kB as an attractive molecule for CCA

therapy.

Materials and Methods

Tissues and cell lines
Paraffin-embedded liver tissues from patients with histologically

proven CCA (n = 48) who underwent liver resection were

obtained from the specimen bank of the Liver Fluke and

Cholangiocarcinoma Research Center, Faculty of Medicine,

Khon Kaen University, Thailand.

Human CCA cell lines derived from different histological types

of primary CCA tumor [21] –namely KKU-M139 (adeno-

squamous CCA), KKU-M156 (moderately differentiated CCA),

KKU-M213 (mixed papillary and non-papillary CCA), KKU-

M214 (well-differentiated CCA) and KKU-100 (poorly differen-

tiated CCA) were established as described by B Sripa [22]. CCA

cell lines were cultured in Ham-F12 media supplemented with

10% fetal calf serum, 1% L-glutamine, and 100 U/mL penicillin

and 100 mg/mL streptomycin at 37 uC and 5% CO2.

Written informed consent was obtained from each subject and

the protocol has been reviewed and approved by Ethics

Committee for Human Research of Khon Kaen University

(HE43210) based on the Declaration of Helsinki and ICH-Good

Clinical Practice Guidelines.

Immunohistochemistry
NF-kB subunits (p50, p52 and p65) were detected in formalin-

fixed paraffin-embedded tissue sections according to standard

immunohistochemistry techniques. The tissue sections were

reacted at room temperature overnight with 1:200 of primary

antibodies: anti-p50 (NLS), anti-p52 (C-5) and anti-p65 (F-6)

(Santa Cruz Biotecnology, Santa Cruz, CA, USA) and with 1:2000

peroxidase at room temperature for 1 h. The peroxidase activity

was observed using diaminobenzidine tetrahydroxychloride solu-

tion (DAB; Dako, Glostrup, Denmark) as the substrate. The

sections were counterstained with hematoxylin. The frequency of

NF-kB positive cells was semi-quantitatively scored on the basis of

the percentage of positive cells as 0% = negative; 1–25% = +1;

26–50% = +2; and .50% = +3. The intensity of NF-kB

expression was scored as weak = 1, moderate = 2 and strong =

3. The immunohistochemistry index of NF-kB expression of each

section was calculated as intensity multiplied by frequency and

categorized as low (, 6) or high (. 6).

Western Blot Analysis
Whole cell, cytoplasmic or nuclear lysates of CCA cells were

prepared as described previously [21]. Whole cell lysate was

prepared in NP-40 lysis buffer (150 mM NaCl, 1% NP-40,

50 mM Tris-HCl, pH 8.0). For cytoplasmic and nuclear lysates,

cells were lyzed in hypotonic buffer (10 mM HEPES-KOH,

pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.1% NP-40, 0.5 mM

DTT and 0.5 mM PMSF) and incubated on ice for 15 min.

Cytoplasmic fraction was collected by centrifugation at 5,000 rpm

for 1 min. The pellet was used as nuclear fraction and lysed with

nuclear lysis buffer (50 mM HEPES-KOH pH 7.9, 10% glycerol,

420 mM KCl, 5 mM MgCl2, 0.1 mM DTT, 0.5 mM PMSF and

2 mg/ml Aprotinin), incubated on ice for 30 min. Nuclear lysate

was obtained by centrifugation at 14,000 rpm for 10 min.

Samples (10 mg protein) were electrophoresed on a 10% sodium

dodecyl sulfate polyacrylamide gel. The separated proteins were

blotted onto a polyvinylidine fluoride membrane (GE Healthcare,

Tokyo, Japan) and were detected with a specific primary antibody

using the enhanced chemiluminescence (ECL) Western Blotting

Detection System (GE Healthcare Bio-Science, Buckinghamshire,

United Kingdom). The primary antibodies used were: anti-p65 (F-

6), anti-p52 (C-5), anti-p50 (NLS), anti-IkBa (C-21), anti-IKKab
(H-470), anti-BAX (P-19), anti-Bcl-2 (C-21), anti-XIAP (H-202),

anti-beta actin (C-5) and anti-Histone H1 (N-16) (Santa Cruz

Biotechnology, Santa Cruz, CA, USA), caspase 3 (9662) and

caspase 9 (9502) (Cell signaling Technology, Danvers, MA, USA).

Quantification of the Western blots was performed using GelPro

32 (Media Cybernetics, Bethesda, Md). Relative density was

evaluated and normalized with b-actin or Histone H1.

Cell viability test
The MTT assay was applied to test cell viability. In brief, 3 6

103 cells per well were seeded in a 96-well plate and incubated

with various concentrations of DHMEQ (2.5–20 mg/mL) for 24,

48, and 72 h, at 37 uC and 5% CO2. Cells treated with vehicle

were used as control. Subsequently, 10 mL MTT (Sigma-Aldrich,

St. Louis, Mo, USA) was added to yield the final concentration of

0.5 mg/mL. After 4 hours of additional incubation, 100 mL of

0.01 N HCl in isopropanol was added to dissolve the crystals;

absorption at 590 nm was determined with an automatic ELISA

plate reader (Multiskan; Thermo Electron, Vantaa, Finland).

DNA fragmentation assay
Approximately 106 cells were lyzed in 100 mL of 10 mM Tris–

HCl buffer (pH 7.4) containing 10 mM EDTA and 0.5% Triton

X-100. The DNA fragmentation assay was performed according

to the method described previously [21]. Finally, the DNA pellets

were dissolved in 20 mL of TE buffer (10 mM Tris–HCl and

1 mM EDTA) and loaded onto a 1.5% agarose gel in 1% TBE

buffer (89 mM Tris Base, 89 mM boric acid, and 2 mM EDTA)
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and electrophoresed at 100 volt for 30 min and stained with

ethidium bromide.

Cell cycle and apoptosis analysis
Numbers of cells in each phase of cell cycle and apoptotic cells

were quantified using propidium iodide staining. CCA cells of

56104 cells per well were seeded in a 6-well plate and treated with

either DHMEQ or vehicle (0.05% dimethyl sulfoxide, DMSO) as

a control for 3 days. Cells were scraped and washed once with

phosphate-buffered saline (PBS), and fixed with an ice-cold 70%

ethanol overnight at 4uC. After centrifugation, cell pellets were

resuspended in 1 mL of 1 mg/mL propidium iodide and incubated

at room temperature for 1 h. DNA content was determined in an

LSR II flow cytometer (BD Bioscience, San Jose, CA) and

analyzed using FlowJo software (Tree Star, San Carlos, CA).

Cell death assay using the IN Cell Analyzer 2000
Cytotoxicity of DHMEQ on CCA cells was examined in the IN

Cell Analyzer 2000. Cells were seeded in a 24-well cell-culture

plate at a density of 1 6 104 cells/well and allowed to adhere for

24 h. Cells were subsequently treated with 10 or 20 mg/mL

DHMEQ for 48 h at 37uC, 5% CO2. After treatment, cells were

stained with propidium iodide and Annexin V (Molecular Probes,

Eugene, OR) for 30 min before image acquisition in an IN Cell

Analyzer 2000 (GE Healthcare, UK). The 206 objective (NA

0.45) was used to collect images for all fluorescent channels. Five

fields-of-view per well were monitored. Image analysis for the

multiplex assay was performed using the IN Cell Analyzer 1000

Workstation ver.3.7 (GE Healthcare, UK).

In vivo assay
NOD/Scid/Jak3 deficient (NOJ) male mice (8 to 10-week-old)

were housed and monitored in the animal research facility

according to the institutional guidelines. All experimental proto-

cols were approved by the Institutional Animal Care and Use

Committee, Kumamoto University. Mice were subcutaneously

injected with 4 6 106 CCA cells at both flank sides. A day after

tumor injection, mice were intraperitoneally injected with PBS or

DHMEQ (10 mg/kg body weight) daily for 17 days. The body

weight, feeding behavior, and motor activity of each animal were

monitored as indicators of general health. Tumors were removed

and weighed 18 days after inoculation.

Histoculture drug response assay
The Histoculture drug response assay (HDRA) was performed

according to the method described previously [21]. The primary

tissue culture was prepared for a drug response assay in a 24-well

microplate. Fresh cancerous tissues from CCA patients (n = 4)

were dissected into approximately 10-mg slices and placed on a

collagen sponge gel (Sumitomo Pharma, Osaka, Japan), which was

submerged in RPMI-1640 medium containing 20% fetal calf

serum in the presence or absence of 5, 10 and 20 mg/mL

DHMEQ. The tissues were cultured for 4 days at 37uC, 5% CO2,

and processed for immunohistochemical staining using the Dead-

End Colorimetric TUNEL System (Promega, Madison, WI).

TUNEL-positive cells were randomly quantified under a micro-

scope in at least four high-power fields (x40). The apoptotic index

was defined as the percentage of dead cells in the treated group

divided by the percentage of dead cells in control group.

Statistical analysis
The results are presented as a mean 6 SD for at least three

separate experiments. Statistical significance was determined using

the Student’s t-test and P , 0.05 was required for statistical

significance.

Results

NF-kB was over-expressed in CCA tissues and cells line
The expression of NF-kB subunits p50, p52 and p65 in liver

tissue sections (n = 48) from histologically proven CCA patients by

immunohistochemistry were first examined. The clinical findings

of the patients are shown in Table 1. Normal bile duct epithelia

found in non-tumorous tissues and hepatocytes from CCA patients

were negative for immuno-staining of all NF-kB subunits. To

ensure the negative expression of NF-kB in the normal bile duct

epithelia, the liver sections from cadaveric donors (n = 5) were

also included. Fig. 1A shows the immuno-stainings of p65 as a

representative of NF-kB subunit expression in liver tissues from

cadaveric donors and CCA patients. Normal bile duct epithelia of

CCA patients and cadaveric donors did not express any NF-kB

subunits. In contrast, all NF-kB subunits were frequently and

strongly expressed in the cytoplasm of hyperplastic/dysplastic and

CCA bile duct epithelia (Fig. 1B). Approximately 70% of CCA

tissues highly expressed p50 and p52 NF-kB subunits and all

patient tissues expressed high p65. Even though all CCA patients

had positive NF-kB signals, no relationships between NF-kB

expressions and clinico-pathological findings eg. age, sex, tumor

staging, tumor size, tumor type and metastasis status, and the

cumulative survival of the patients were noted (data not shown).

The expression levels of NF-kB, p50, p52 and p65 in total cell

lysate and the nuclear fraction of human CCA cell lines were

further analyzed by western blotting using b-actin and histone H1

as the internal controls for total cell lysate and nuclear fraction,

respectively. Five CCA cell lines established from different

histological types of primary tumors, namely, KKU-M139,

KKU-M156, KKU-M213, KKU-M214 and KKU-100 showed

positive expression of p50, p52 and p65 NF-kB subunits (Fig. 1C).

Inhibition of NF-kB with low concentrations of DHMEQ
suppressed growth and induced G2/M arrest of CCA cell
lines

The aberrant expression of NF-kB in CCA implicated the

important role of NF-kB in CCA. The role of NF-kB on growth of

CCA cell lines was next examined. DHMEQ, a well-known NF-

kB inhibitor, was used to inhibit NF-kB action and cell growth was

determined by an MTT assay. Five CCA cell lines were incubated

with DHMEQ at 2.5, 5, 10 and 20 mg/mL for 24, 48 and 72 h.

Cells grown in vehicle without DHMEQ were used as controls. As

shown in Fig. 2A, DHMEQ significantly inhibited growth of all

CCA cell lines in a dose dependent fashion. DHMEQ at 10mg/mL

effectively suppressed growth of all cell lines to , 40% of the

controls except KKU-100. Apoptotic cells were obviously

observed in the DHMEQ treated cells at 10 mg/mL. DHMEQ

also significantly inhibited the growth of CCA cell lines in a time

dependent manner as shown for KKU-M213 and KKU-M214 (P
, 0.001) (Fig. 2B).

The association of NF-kB with the cell cycle was investigated by

flow cytometry with propidium iodide staining. Treatment of

KKU-M213 and KKU-M214 cells with low concentrations of

DHMEQ at 2.5 and 5 mg/mL caused an accumulation of cells at

G2/M phase compared with the controls treated with vehicle

alone (Fig. 2C).

NF-kB as a Target for Cholangiocarcinoma Therapy
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Inhibition of NF-kB with high concentrations of DHMEQ
induced apoptosis in CCA cell lines

To investigate the role of NF-kB on anti-apoptosis, KKU-M213

and KKU-M214 were incubated with 10 mg/mL DHMEQ for

48 h. Apoptotic cells were examined using flow cytometry with

propidium iodide staining and the DNA fragmentation assay.

DHMEQ at 10 mg/mL significantly increased sub-G1 cells to 48%

of untreated KKU-M213 and 31% of untreated KKU-M214

(Fig. 3A). DHMEQ-induced cell apoptosis was confirmed using a

DNA fragmentation assay. CCA cells treated with 20 mg/mL of

DHMEQ for 48 h showed a significant increase of DNA

fragmentation compared to the controls (Fig. 3B). A similar

finding was observed when cells were analyzed using the IN Cell

Analyzer (Fig. 3C). DHMEQ significantly increased cell death

(Annexin V and/or PI positive cells) of CCA cell lines (P , 0.001).

The percentages of dead cells were increased to 89 6 4.5% and

97.960.3% after KKU-M213 and KKU-M214 were incubated

with 20 mg/mL DHMEQ for 48 h (Fig. 3D).

The expression levels of apoptosis related genes in CCA cells

treated with DHMEQ (2.5 and 5 mg/ml) comparing to those

Figure 1. Expression of NF-kB in CCA patients and cell lines. The expressions of NF-kB in CCA tissues were determined by
immunohistochemistry. A) Hepatocytes, as well as bile duct epithelia of normal liver tissues from cadaveric donor and of non-tumorous liver tissue
from CCA patients showed weak immunoreactivity of NF-kB (p65). The expression of NF-kB, however, was gradually increased in hyperplasia,
dysplasia and CCA. B) All NF-kB subunits, p50, p52 and p65, were overexpressed in different histological types of CCA tissues. Original magnification
20X, except normal bile duct, hepatocyte and dysplasia, 40X. C) Expression levels of NF-kB subunits, p50, p52 and p65, were determined in five CCA
cell lines by western blotting. The precursors and active forms of NF-kB subunits, p105/p50, p100/p52 and p65, were strongly expressed in all CCA
cell lines tested. Actin was used as an internal control.
doi:10.1371/journal.pone.0106056.g001

Table 1. Characteristics of CCA Patients (n = 48).

Variables Numbers

Age , 56 19

. 56 29

Sex Men 35

Women 13

Histopathology Papillary 3

Non-Papillary 45

Tumor type Central 2

Peripheral 37

Combined 9

Tumor stage I–III 6

IVA 13

IVB 29

doi:10.1371/journal.pone.0106056.t001
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treated with vehicle were further examined. Expressions of

apoptotic associated proteins, BAX, Bcl-2, XIAP, as well as

caspase-3 and caspase-9, were determined using Western blot

analysis. DHMEQ significantly suppressed expressions of anti-

apoptotic proteins–Bcl-2 and XIAP–but had no effect on BAX, a

pro-apoptotic protein (Fig. 3E). In addition, activated forms of

caspase-3 and caspase-9 were progressively increased in DHMEQ

treated CCA cell lines.

Translocation of NF-kB was inactivated by DHMEQ
To investigate whether DHMEQ affected growth and apoptosis

of CCA cells via inactivation of NF-kB, the expression of NF-kB

subunits in cytoplasmic and nuclear fractions were determined

using Western blot analysis. NF-kB regulatory proteins and NF-kB

subunits of CCA cells treated with 2.5 and 5 mg/ml of DHMEQ

for 48 h were compared to controls. As shown in Fig. 4A,

expressions of cytoplasmic IKK, IkB, p50, p65 and p52 and their

precursors, p105 and p100, of KKU-M213 cells treated with

DHMEQ were not different from those of the controls. On the

other hand, the treatment decreased the levels of all NF-kB

subunits in the nuclear fraction in a dose-dependent manner.

Similar results were obtained for KKU-M214 treated with

DHMEQ (Fig. 4B).

Inhibition of NF-kB action suppressed tumor growth in
CCA-inoculated mice

The NF-kB inhibitor was further examined as to whether

DHMEQ suppressed growth of tumors in CCA-inoculated mice.

CCA cell lines were subcutaneously injected in the flanks of NOJ

mice, and a day after, DHMEQ was injected intraperitoneally

daily for 17 days. Mice treated with DHMEQ were healthy and

had similar body weights as the control mice injected with PBS.

No side effects (body weight, physical activities and eating habits)

were observed during DHMEQ treatment. Supplementation of

DHMEQ significantly reduced tumor sizes (Fig. 5A) and tumor

weights (Fig. 5B) in the mice inoculated with KKU-M213 (P ,

0.05) and KKU-M214 (P , 0.001) as compared to the controls.

Inhibition of NF-kB action induced cell death in CCA
patient tissues

The HDRA is the representative of an in vitro drug-response

assay for anticancer agents [23,24]. Several clinical studies have

revealed that inhibition rates obtained from HDRA can predict

the clinical responses to chemotherapy of corresponding patients.

In the current study, HDRA of DHMEQ treatment were

performed on tissue samples from 4 CCA patients and apoptotic

cells were determined using TUNEL immunohistochemical

staining. As shown in Fig. 6A, higher numbers of dead cells than

the controls were obviously observed in tumor tissues cultured in

Figure 2. High concentration of DHMEQ caused cell death and low concentration induced G2/M arrest in CCA cell lines. A) DHMEQ
could inhibit growth of 5 CCA cell lines as monitored by MTT assay at 72 h. B) DHMEQ suppressed growth of CCA cell lines in a dose and time
dependent fashions. C) Growth arrest at G2/M phase was observed in CCA cell lines treated with low concentrations of DHMEQ (2.5 and 5 mg/mL).
doi:10.1371/journal.pone.0106056.g002

NF-kB as a Target for Cholangiocarcinoma Therapy
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the presence of DHMEQ in a dose dependent manner. As

compared to the controls, the apoptotic indices of CCA tissues

treated with 5, 10 and 20 mg/mL DHMEQ were 1.26 + 0.67, 2.47

+ 1.58 and 2.53 + 1.25, respectively and were significantly higher

than those of controls (P , 0.05, Fig. 6B).

Discussion

A body of evidence indicates that regulations of aberrant NF-kB

and the signaling pathways that control its activity are involved in

cancer development and progression, as well as in drug resistance,

especially during chemotherapy and radiotherapy [11–14]. NF-kB

is activated or overexpressed in many cancers, both solid and

hematopoietic malignancies. Therefore, inhibition of the NF-kB

pathway indicates a strategy for treatment of several cancers. The

present study reports for the first time that all CCA tissues

overexpressed NF-kB and suppression of NF-kB action by a

specific NF-kB inhibitor, DHMEQ significantly suppressed

growth and induced apoptosis in CCA cell lines, in CCA

inoculated mice and in primary histocultures of CCA patient

tissues.

The NF-kB family of transcription factors is comprised of RelA

(p65), RelB, c-Rel, NF-kB1/p50 and NF-kB2/p52. These proteins

share a conserved Rel homology domain responsible for DNA

binding, homodimerization or heterodimerization, nuclear local-

ization function, and interaction with its regulatory inhibitors, IkB

proteins. The present study demonstrated that NF-kB p50, p52

and p65, were aberrantly expressed in CCA patient tissues. The

involvement of NF-kB in carcinogenesis of human CCA was

observed in this study as normal bile duct epithelia and

hepatocytes did not express NF-kB. In contrast, it was frequently

expressed in precancerous hyperplastic and dysplastic biliary cells.

This observation was confirmed in the liver fluke (Opisthorchis
viverrini) induced CCA-hamster model [25]. Of note, all CCA

tissues (48/48) and CCA cell lines examined had positive

expressions of NF-kB. These data emphasize the significant roles

of NF-kB in CCA development and raised the possibility of

targeting NF-kB for therapy of CCA.

Roles of NF-kB on growth and apoptosis have been demon-

strated in several cancers. The effect of NF-kB signaling pathway

on CCA cells, however, remains unclear. Thus, the purpose of the

current study was to detect the role of the NF-kB signaling

pathway on growth and apoptosis of CCA cells, in vitro, in vivo
and ex vivo, using DHMEQ, an effective NF-kB inhibitor.

DHMEQ can markedly inhibit the growth and induce apoptosis of

CCA cell lines in a dose and time dependent fashions. Inhibition of

NF-kB action by DHMEQ suppressed proliferation of five human

CCA cell lines (KKU-M139, KKU-M156, KKU-M213, KKU-

M214 and KKU-100) and induced cell cycle arrest at G2/M

phase. Inhibiting nuclear translocation of NF-kB was shown to be

the molecular action of DHMEQ [26]. DHMEQ could directly

bind to the Rel-family proteins and inhibit their DNA binding

activity [27]. However, as we could not find the NF-kB negative

cell line to be used as a negative control for cytotoxicity test in this

study, whether DHMEQ affects molecules other than NF-kB

involved in cell death should be considered. The growth

suppression effect of DHMEQ seems to correspond to the

expression of NF-kB levels. KKU-100 with low expression of

NF-kB (Fig. 1C) had lowest response to DHMEQ at all dose tested

(Fig. 2A) comparing to other CCA cell lines with high expression

of NF-kB. This indirectly signified the DHMEQ action on NF-kB

Figure 3. Inhibition of NF-kB action by high concentration of DHMEQ induced apoptosis in CCA cell lines. An increase of apoptotic cells
was found in CCA cell lines, KKU-M213 and KKU-M214, treated with high concentrations of DHMEQ (10 and 20 mg/mL) for 48 h. Apoptotic cells were
determined using various methods. A) flow cytometry with PI staining; B) DNA fragmentation; C) Annexin V staining with IN Cell Analyzer
(magnification 620, blue = Hoechst 33342, green = Annexin V and Red = PI staining); D) quantitative analysis of apoptotic cells from C); E)
immunoblotting of apoptotic proteins and caspases of CCA cells treated with DHMEQ. **P , 0.01; independent-sample t-test compared to the
control group.
doi:10.1371/journal.pone.0106056.g003
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in CCA cell lines. Similar effects of the inhibition of NF-kB on cell

cycle arrest at the G2/M phase have been reported in lymphoma

[28,29], Non-Small-Cell Lung Cancer [30] and leukemia cells

[31]. DHMEQ also induced cell apoptosis in CCA cell lines by

suppression of Bcl-2 and XIAP, the anti-apoptotic proteins and

activation of caspase-3 and caspase-9. These data suggest that

DHMEQ induced apoptosis of CCA cells through the caspase

pathway. The observation was confirmed in reports using other

NF-kB inhibitors [32–34]. The molecular mechanism by which

DHMEQ acts on induction of cell cycle arrest and apoptosis

summarized from the current study is shown in Fig. 7.

Effects of DHMEQ on growth arrest and apoptosis of CCA cell

lines were shown to be via inactivation of NF-kB. DHMEQ

inhibited the nuclear translocation of all NF-kB subunits p50, p65

and p52 and suppressed the action of NF-kB. This action of

DHMEQ is confirmed by many previous studies [35,36]. The

effectiveness of DHMEQ on growth arrest and apoptosis of CCA

was demonstrated in CCA-inoculated mice and CCA patient

tissue cultures. Mice treated with DHMEQ (10 mg/kg body

weight) once a day for 17 days had significantly smaller tumor

weights as compared to the controls, without side effects. Similar

observations were reported in the animal models for bladder

cancer [37], oral squamous cell carcinoma [38], thyroid cancer

[35] and hepatoma [39].

DHMEQ is a novel NF-kB inhibitor derived from the structure

of the antibiotic epoxyquinomicin. DHMEQ inhibits NF-kB

transcriptional activity via blocking its translocation into the

nucleus [40,41]. The agent suppresses growth of various tumors,

such as hormone-refractory prostate cancer, multiple myeloma,

thyroid cancer cell, breast cancer, glioblastoma and squamous cell

carcinoma in vitro and also in tumor-xenografted mice without

any apparent side effects [38,42]. Several chemicals and plant

extracts were shown to suppress growth and induce apoptosis of

CCA via inactivation of NF-kB, e.g., caffeic acid phenethyl ester

[43], and curcumin [44].

The present authors have recently reported the efficacy of

cepharanthine (CEP), a natural biscoclaurine alkaloid extract, on

anti-proliferative activity [21], as well as inhibiting cell migration

Figure 4. DHMEQ inhibited nuclear translocation of NF-kB in CCA cell lines. Western blot of NF-kB of KKU-M213 and KKU-M214 treated
with 2.5 and 5 mg/mL of DHMEQ for 48 h. Protein (10 mg) of A) cytoplasmic fraction and B) nuclear fraction was loaded. Actin and histone H1 were
used as internal controls.
doi:10.1371/journal.pone.0106056.g004

Figure 5. Inhibition of NF-kB action reduced growth of CCA in xenografted mice. Mice were subcutaneously injected with 4 6 106 CCA
cells at both flank sides. A day after tumor injection, mice were intraperitoneally injected with PBS (control) or DHMEQ at 10 mg/kg body weight daily
for 17 days. A) CCA tumor tissues obtained from control and DHMEQ-treated mice. B) Comparison of tumor weights obtained from control and
DHMEQ-treated mice. *P , 0.05, **P , 0.01; independent-sample t-test compared to the control group.
doi:10.1371/journal.pone.0106056.g005
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and invasion of human CCA cell lines [45]. CEP treatment

effectively suppressed tumor growth in CCA-inoculated mice and

also increased cell apoptosis in primary histocultures of CCA

patient tissues. The molecular mechanism underlying CEP actions

on cell growth and anti-metastasis was found to be through NF-kB

inactivation. All these results emphasize the therapeutic potential

of NF-kB inhibitors against human CCA.

Among the active compounds reported to suppress CCA growth

via inactivation of NF-kB action, DHMEQ seems to be more

potent than others. Treatment of DHMEQ at 10 mg/kg body

weight for 17 days significantly suppressed tumor growth in mice

whereas treatment of caffeic acid phenethyl ester at the same doses

to the nude mice needed 77 days to show the similar effect [43].

The effect of DHMEQ on patient tissues determined by the

histoculture drug response assay was first demonstrated in the

present study. The apoptotic index as indicated by positive

TUNEL staining was significantly higher in tissues cultured in the

presence of DHMEQ in a dose-dependent manner. This three-

dimensional, native state, histoculture assay simulates the tumor

architecture in the body and may predict the responsiveness of

tumors to DHMEQ if it is given to CCA patients. In addition to

the growth suppression and induction of apoptosis, inhibition of

NF-kB by DHMEQ also enhanced chemo- and/or radio-

sensitivity of many cancer cells [46,47].

In summary, this study demonstrated that all NF-kB subunits

were over-expressed in CCA patient tissues. Inhibition of NF-kB

action by DHMEQ induced cell cycle arrest and apoptosis in CCA

cell lines, CCA inoculated mice and patient’s histo-cultures.

According to current available knowledge, this is the first study to

report the possible involvement of NF-kB expression with growth

Figure 7. Molecular mechanisms of DHMEQ on NF-kB resulting in induction of cell cycle arrest and apoptosis in CCA cell lines are
proposed.
doi:10.1371/journal.pone.0106056.g007

Figure 6. Inhibition of NF-kB action induced cell apoptosis in primary histoculture of CCA patient tissues. Tumor tissues of CCA
patients (n = 4) were cultured in medium containing 20% fetal calf serum in the absence or presence of 5, 10 and 20 mg/mL DHMEQ for 4 days. A)
Apoptotic cells in tumor tissues were determined using the TUNEL assay. B) The number of apoptotic cells observed in DHMEQ-treated tissues was
increased significantly compared with those of the control. Red arrows indicated TUNEL-positive nuclei (dead cells) and the blue stained cells were
TUNEL-negative nuclei (alive cells), magnification 640. *P, 0.05 independent-sample t-test compared to the control group.
doi:10.1371/journal.pone.0106056.g006
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and apoptosis of CCA cells. These findings suggest NF-kB as an

attractive molecular target for CCA therapy. DHMEQ and other

NF-kB inhibitors are the most promising anti-tumor compounds

for treatment of CCA patients.
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