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Abstract

Chronic infection the food-borne liver fluke, Opisthorchis viverrini, frequently induces cancer of
the bile ducts, cholangiocarcinoma. Opisthorchiasis is endemic in Thailand, Lao PDR, Cambodia
and Vietnam, where eating undercooked freshwater fish carrying the juvenile stage of this
pathogen leads to human infection. Because inhibition of apoptosis facilitates carcinogenesis, this
study investigated modulation by thioredoxin from O. viverrini of apoptosis of bile duct epithelial
cells, cholangiocytes. Cells of a cholangiocyte line were incubated with the parasite enzyme after
which they were exposed hydrogen peroxide. Oxidative stress-induced apoptosis was monitored
using flow cytometry, growth in real time and imaging of living cells using laser confocal
microscopy. Immunolocalization revealed liver fluke thioredoxin within cholangiocytes. Cells
exposed to thioredoxin downregulated apoptotic genes in the mitogen activated protein kinases
pathway and upregulated anti-apoptosis-related genes including apoptosis signaling kinase 1,
caspase 9, caspase 8, caspase 3, survivin and others. Western blots of immunoprecipitates of cell

"Correspondence: Banchob Sripa, Tropical Disease Research Laboratory, Department of Pathology, Faculty of Medicine, Khon Kaen
University, Khon Kaen 40002, Thailand. Fax: +66-43-202024, banchob@kku.ac.th; or Paul J. Brindley Department of Microbiology,
Immunology and Tropical Medicine, School of Medicine & Health Sciences, George Washington University, Washington DC, 20037,
gJSA; phone +1 202 994 7499; pbrindley@gwu.edu.

These authors contributed equally.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



Matchimakul et al.

lysates revealed binding of thioredoxin to apoptosis signaling kinase 1. Together the findings
indicated that thioredoxin from O. viverrini inhibited oxidative stress-induced apoptosis of bile
duct epithelial cells, which supports a role for this liver fluke oxidoreductase in opisthorchiasis-
induced cholangiocarcinogenesis.

Graphical Abstract
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1. Introduction

Infection with the liver fluke Opisthorchisviverrini is endemic in Thailand, Lao PDR,
Cambodia and central Vietnam (Petney et al., 2013; Sithithaworn et al., 2012; Sripa et al.,
2011). Infection follows the ingestion of uncooked/undercooked cyprinoid, fresh-water fish
infected with the metacercariae of the parasite. Opisthorchiasis causes a spectrum of biliary
system disease, including cholangitis, obstructive jaundice, hepatomegaly, cholecystitis and
cholelithiasis (Mairiang et al., 2012; Mairiang and Mairiang, 2003). More problematically,
chronic opisthorchiasis infection frequently causes cholangiocarcinoma, bile duct cancer
(IARC, 2012; Sripa et al., 2012; Sripa et al., 2007). Carcinogenesis of opisthorchiasis-
induced bile duct cancer likely arises from several, interrelated molecular insults. These
factors include inflammation associated reactive oxygen species (ROS) and reactive
nitrogen species (RNS), lesions caused by the feeding and other mechanical activities of the
worms within the bile ducts, and soluble mediators released by the parasites (IARC, 2012;
Porta et al., 2011; Sripa et al., 2012; Sripa et al., 2007). They also may include perturbation
of the biliary and intestinal microbiome due to liver fluke infection (Plieskatt et al., 2013),
and reactive oxysterol- and catechol estrogen quinone-like metabolites released by the fluke
that can form depurinating adducts with chromosomal DNA of epithelial cells of the
infected persons (Correia da Costa et al., 2014; Jusakul et al., 2012). The fluke secretes
and/or excretes metabolic products, immunogens and other mediators (Mulvenna et al.,
2010; Smout et al., 2009; Sripa and Kaewkes, 2000; Wongratanacheewin et al., 1988)
including proteins like thioredoxin peroxidase (Suttiprapa et al., 2008) and thioredoxin
(Suttiprapa et al., 2012).

Thioredoxin (Trx) is an inflammation-inducible oxidoreductase of 12 kDa that is expressed
ubiquitously in prokaryotes and eukaryotes. This enzyme is involved in numerous
physiological roles. Within the cell, Trx exerts cyto-protective effects: it scavenges ROS and
thereby relieves oxidative stress, and it regulates redox-sensitive signaling pathways as well
as ROS-independent genes. Outside the cell, Trx has cytokine and growth factor like
properties, it promotes cell and tissue growth, and exhibits activities involved with protein
disulfide reduction, protein repair, molecular chaperone tasks, structural components of
enzymes, redox regulation of transcription factors, immunomodulation, and apoptosis
(Carvalho et al., 2006; Holmgren and Lu, 2010; Nakamura et al., 1997; Powis and
Kirkpatrick, 2007). Moreover, Trx has been implicated in carcinogenesis. It is encoded by a
proto-oncogene that is overexpressed in tumors and correlates with poor prognosis (An and
Kang, 2014). Trx stimulates survival of cancer cells, promotes angiogenesis, and inhibits
apoptosis; evasion of apoptosis is a cardinal hallmark of cancer (Hanahan and Weinberg,
2000). Anti-apoptotic activities of thioredoxin, in particular interaction with apoptosis
signal-regulating kinase-1 (ASK-1), are well described (Zhang et al., 2004). ASK-1 is a
member of the mitogen activated protein kinase kinase kinase family (MAP3KSs); this
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enzyme activates c-Jun N-terminal kinase and p38K in response to oxidative and other
stresses, leading to apoptosis, inflammation and other responses (Hattori et al., 2009; Zhang
et al., 2004).

We have speculated that O. viverrini Trx-1 may contribute to the tumorigenic nature of
chronic opisthorchiasis in the biliary tree (Sripa et al., 2012; Suttiprapa et al., 2012).
Recombinant Ov-Trx-1 was produced from E. coli and its activity as an oxidoreductase
characterized. Expression of Ov-Trx-1 in developmental stages of the liver fluke has been
reported, and antibodies against the enzyme revealed its presence in cholangiocytes of
hamsters adjacent to the liver fluke (Suttiprapa et al., 2012). Inflammatory cells secrete
ROS/ RNS that are potentially genotoxic to fluke and to bystander cells. Nonetheless, O.
viverrini flukes can survive for years, bathed in bile (Kaewkes, 2003). Thioredoxin from O.
viverrini may be involved as a key main redox protein that protects this trematode from ROS
(Suttiprapa et al., 2012). Given that inhibition of homeostatic apoptosis is obstructed in
carcinogenesis, here we investigated anti-apoptotic effects of liver fluke thioredoxin on
human normal cholangiocytes under oxidative stress, and on the interaction with apoptosis
signal-regulating kinase-1, ASK-1.

2. Materials and Methods

Recombinant thioredoxin-1 of O. viverrini

The nucleotide sequence encoding Ov-Trx-1 was amplified from a cDNA library
constructed from adult O. viverrini liver flukes (Laha et al., 2007). The nucleotide sequence
of the amplicon was verified by sequencing, after which it was ligated into the expression
vector pET-15b (Novagen, California, USA). BL21 (DE3) strain E. coli cells were
transformed with the ligation products, and recombinant clones obtained by antibiotic
selection of transformed bacteria. Expression of recombinant Ov-Trx-1 was induced with
isopropyl p-d-1-thiogalactopyranoside; expression was monitored by SDS-PAGE (20%
separating gel and 5% stacking gel)/ Coomassie Brilliant Blue staining. Recombinant Ov-
Trx-1 was affinity purified on Ni-NTA resin (QIAGEN Inc., Valencia, California, USA),
dialyzed against 1xPBS, absorbed with Triton-X114 to remove residual lipopolysaccharide
(Aida and Pabst, 1990; Suttiprapa et al., 2012) and Bio-Beads SM2 (Bio-Rad, Hercules,
California, USA) to remove Triton-X114, and then filtered through a 0.2 um pore size
membrane. Yields were quantified by Bradford assay, after which Ov-Trx-1 was stored in
aliquots at -80°C

Anti-Ov-Trx-1 sera

Mice were vaccinated subcutaneously with purified Ov-Trx-1, 25 pg per immunization. The
first immunization with Ov-Trx-1 was formulated with Freund's complete adjuvant and
second and third immunizations with recombinant protein in Freund's incomplete adjuvant.
Blood and sera were collected two weeks after the third immunization. Protocols for these
experiments were approved by the Animal Ethics Committee of Khon Kaen University,
approval number AEKKU25/2554, according to the Ethics of Animal Experimentation of
the National Research Council of Thailand.
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Uptake of liver fluke thioredoxin by human cholangiocytes

H69 is a cell line derived from an immortalized human cholangiocyte (Grubman et al., 1994;
Park et al., 1999). H69 cells seeded at 20,000 cells on glass cover slips were cultured in 10%
fetal bovine serum (FBS) in H69 medium (Grubman et al., 1994; Smout et al., 2009) for 48
h, and thereafter in H69 medium supplemented with 1% FBS and Ov-Trx-1 at 50 ug/ml for
30, 60 and 120 min. Cells were washed in cold 1x PBS, fixed in 2 % paraformaldehyde for
10 min, and re-washed in PBS. Cells were permeabilized with 0.5% Triton X-100/ 1x PBS
for 5 min, washed with cold PBS, and probed with anti-Ov-Trx-1 sera, diluted 1:300 at 4°C
for 18 h in a humidified atmosphere. After washing, cells were stained with goat anti-mouse
IgG-Alexa Fluor 568 diluted 1:500. The cells were also stained with 4',6-diamidino-2-
phenylindole (DAPI) for 2 h at 4°C. Last, the cells were washed with 1xPBS and
fluorescence investigated using confocal laser scanning microscopy (CLSM) (Zeiss LSM
510 system, which includes an Axio Examiner Z1 microscope and a Quasar 32-channel
spectral detector, Carl Zeiss, Oberkochen, Germany). Samples were scanned sequentially
using a Plan-Apochromat 63x/1.40 Oil DIC objective (Zeiss). For acquisition of signals
from the DAPI channel, a 405 diode laser line was used for excitation and emission was
filtered in a band between 410 and 585 nm. Immunolabeling (Alexa Fluor 633) (Life
Technologies, Pittsburgh, PA) was revealed by excitation with a diode 633 laser line, with
emission recorded between 638-747 nm. Optical confocal sections were generated by
adjusting the pinhole to one Airy unit using the most red-shifted channel, producing an
optical section of about 0.7 pm in all channels. Confocal images were captured in sequential
acquisition mode to avoid excitation bleed-through, particularly apparent with DAPI. Image
frames measured 1024x1024 pixels with a pixel dimension of 0.132 um. Image
manipulation was undertaken with the assistance of Zen 2009 software (Zeiss);
manipulations were limited to adjustment of brightness, cropping, insertion of scale bars and
the like; image enhancement algorithms were applied in linear fashion across the image and
not to selected aspects. Control images were adjusted similarly.

Imaging of living cells

H69 cells in H69 medium supplemented with 0 or 5 ug/ml Ov-Trx-1 were seeded at 40,000
cells on fibronectin (BD Biosciences, San Jose, California, USA) (10 pug/ml) coated
chambers. Hydrogen peroxide was added to 300 uM, a concentration lethal for many cancer
cell lines in (Chen et al., 2005). Subsequently, morphology of the cells was monitored and
recorded continuously for 18 hours by CLSM (above). Confocal images of cells excited with
488 nm argon laser and 561 nm diode-pumped laser were captured through an Alpha Plan
Apochromat 100x/1.46 objective lens with oil immersion. Images were analysed using
Volocity 3D Image analysis software (Perkin Elmer, Waltham, Massachusetts, USA).

Flow cytometry analysis

H69 cells were transferred into H69 medium supplemented with 1 % FBS, and cultured for
24, 48 and 72 h with Ov-Trx-1 at 5 pg/ml. Thereafter, the medium was removed and
hydrogen peroxide added to 300 uM. At 15 hours later, cells were harvested using a brief
exposure to 2.5 % trypsin after which they were washed 1xPBS. Apoptosis was investigated
by flow cytometry using annexin-V-Alexa 488 and propidium iodide (PI) in a FACSCalibur
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flow cytometry system (BD, Franklin Lakes, New Jersey, USA). Annexin-V-Alexa 488
(+ve)/PI (-ve) cells indicated early apoptosis, Annexin-V-Alexa Fluor 488 (Life
Technologies) (+ve)/Pl (+ve) indicated late apoptosis, whereas Annexin-V-Alexa488 (-
ve)/PI (+ve) indicated cell necrosis (van Engeland et al., 1998). Cytometric data were
analyzed with the assistance of the Flowjo software (Ashland, Oregon, USA).

Real time assessment by xCELLigence system of cell proliferation and apoptosis

Cell growth was evaluated using the xCELLigence DP system (ACEA Biosciences, San
Diego, California, USA), designed to monitor events in real time by measuring electrical
impedance across inter-digitated microelectrodes integrated on the bottom of tissue culture
E-plates, see http://www.aceabio.com/main.aspx (Ke et al., 2011; Smout et al., 2009). H69
cells were seeded at 5,000 cells/well in E-plates (ACEA) in H69 medium supplemented with
10% FBS, 37°C and 5% CO, and cultured for one day. The cells were rinsed in PBS and the
medium was replaced with H69 medium diluted 1 in 20, i.e. 0.5% FBS. The cells were
fasted in this reduced DBS containing medium for 4 to 6 hours after which the medium was
supplemented with 0, 5 or 10 ug/ml Ov-Trx-1. Thereafter the cells were monitored for ~ 48
hours when H,0, was added to 300 uM to induce oxidative stress. For some assays, Ov-
Trx-1 that had been denatured by incubation at 85°C for 15 min was also included in some
groups, and/or H,O, was added to 30 or 75 uM. Subsequently, the cultures were monitored
in real time for 24 hours or longer. The normalized cell index (Cl), obtained by dividing the
Cl value at each time point by the CI at the time of addition of H,O, was ascertained with
the assistance of the RTCA Software 1.2 (ACEA). Raw normalized CI values were imported
into Excel for analysis where the cellular growth percentages of cells exposed to H,O, was
expressed as the percentage of the normalized CI of cells cultured with Ov-Trx-1compared
to (i.e. divided by) the normalized CI of control cells not incubated with the recombinant
liver fluke protein (control cells growth rate = 100%). Statistical significance among the
groups was assessed using Analysis of Variance (ANOVA) and Student’s t-test. P-values of
< 0.05 were considered to be significant.

Analysis of apoptosis signaling pathways by gPCR gene array

Gene expression profiles were investigated using total RNA (~800 ng) with the RT2-
Profiler-PCR-Array, Qiagen catalog number PAHS 012Z, which targets the human
apoptosis pathways with a panel of 84 cognate genes. Functional gene groups targeted
include death domain receptors, extracellular apoptotic signals, DNA damage and repair,
anti-apoptosis, negative regulation of apoptosis, positive regulation of apoptosis, caspases,
caspase activation, and caspase inhibition. The system employs SYBR Green gPCR master
mixes, and the manufacturer claims performance of amplification efficiency of 99%. H69
cells were seeded at 20,000 cell/well (6-wells plate) and cultured in H69 medium containing
0.5 % FBS and Ov-Trx-1 at 5 pg/ml for 24, 48 and 72 hours. H,O, was added to 300 uM to
induce apoptosis. Cells were harvested 18 hours later with 2.5% trypsin, after which mMRNA
was isolated from cell pellets (RNeasy mini kit, Qiagen). Purity and concentration of RNA
were ascertained using the 2100 Bioanalyzer system (Agilent Technologies, Santa Clara,
CA), after which cDNA was synthesized (RT? first strand kit, Fermentas, Pittsburgh,
Philadelphia, USA). The PCR cycling conditions included an initial denaturation of 95°C for
10 min followed by 40 cycles of 95°C for 15 sec, 60°C for 1 min, and melting curves of
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55°C for 30 sec, 81 cycles. After thermal cycling in an iCycler fitted with an iQ5 real-time
detector (Bio-Rad), data were uploaded for analysis at the RT?2 Profiler PCR Array Data
Analysis version 4 site, http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php.
Three biological replicates were performed. Fold-change in gene expression for all the genes
was calculated using the comparative cycle threshold Ct (AACT) method (Le et al., 2011;
Pfaffl, 2001). P values < 0.05 were considered to be significant.

RT-PCR analysis targeting MAP3K/ASK-1/JNK- P38K signaling pathway

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis of mMRNA
expression of 12 members of the MAP3K/ASK-1/JNK- P38K signaling pathway was
undertaken. The p38 kinase, c-Jun N-terminal kinase (JNK) and mitogen-activated protein
kinase (MAPK) constitute intracellular signal transduction pathways that are responsive to
stimuli such as oxidative stress, carcinogens and chemokines, and are involved in apoptosis,
autophagy, cell differentiation and diverse other processes (Hattori et al., 2009;
Nikoletopoulou et al., 2013; Soga et al., 2012). H69 cells were cultured with Ov-Trx-1, 5
pg/ml, for 24, 48 and 72 h after which H,0, was added to 300 uM to induce oxidative stress
and apoptosis. Cells were harvested 18 h later with 2.5% trypsin, and RNA isolated using
the RNeasy Mini Kit (Qiagen), quantity determined as above, and cDNA synthesized
(iScript cDNA Synthesis Kit) (Bio-Rad). Specific primers for downstream genes of the
MAPK /ASK-1 pathways, specifically targeting the genes encoding ASK-1, P38K-a,
JNK-1, -2, MAP2K-3, -4, -6, -7 (Hattori et al., 2009), were designed. Primers for two
reference genes, GADPH and B-actin, were included. The primers were designed with the
assistance of the Beacon designer software (Premier Biosoft, Palo Alto, CA). Primer
sequences are provided in Supplementary Table S1. Total RNA (~ 800 ng) was employed to
synthesize cDNA that was employed as template in real time gPCR (as above) using the
SYBR system of Bio-Rad. Output data were analyzed with the assistance of the Bio5 RT2-
gPCR software. Three biological replicates were performed.

Immunoprecipitation and western blotting

H69 cells cultured to a density of 20,000 cells per well were harvested and lysed in 25 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1ImM EDTA, 1% NP-40 and 5% glycerol (Pierce IP Lysis
Buffer, Thermo Scientific) for 30 min at 4°C. The lysate was incubated with Ov-Trx-1 at 1
mg/ml (1:1, volume: volume) for 18 h at 4°C. Complexes of cellular proteins were pulled
down on His-Magnetic Sepharose (GE Healthcare), eluted and subjected to SDS-PAGE
(20% separating gel, 5% stacking gel). After electrophoresis, products were transferred to
nitrocellulose membranes, and membranes blocked with 5% skimmed milk powder in
1xPBS/0.05% Tween-20 (PBS-T) for 2 hours at 23°C. Thereafter, membranes were probed
separately with four primary antibodies, anti-human ASK-1 (Abcam, Cambridge,
Massachusetts, USA), anti-His (Abcam), anti-beta actin (USBiological, Salem, MA) and
anti-Ov-Trx-1 (above), overnight at 4°C. Following washes in PBS-T, membranes were
probed with goat anti-mouse or goat-rabbit 1gG-conjugated to horseradish peroxidase (HRP)
(Abcam) (secondary antibody) for 2 hours at 23°C. Reactive bands were detected using
chemiluminescence (ECL Plus, GE Healthcare) in a 2000R Kodak Image Station, after
which antibodies were stripped from the membranes (Restore western stripping buffer,
Thermo Scientific). Membranes were re-probed sequentially with each primary antibody.
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Thioredoxin of O. viverrini enters human cholangiocytes

H69 cells were co-cultured with recombinant Ov-Trx-1 at 50 pg/ml for 30, 60 and 120
minutes. Immunofluorescence signals became evident at 30 min (Fig. 1A vs. B), and
increased with time (Fig. 1B and C, respectively). No signal was evident in the absence of
Ov-Trx-1 (negative control) (Fig. 1A). The fluorescence was apparent in the cytoplasm of
the cholangiocytes but not evident in the nuclei of these cells, which counter-stained
strongly with DAPI.

Liver fluke thioredoxin modulated apoptosis of cholangiocytes under oxidative stress

At 48 hours, similar percentages of live cells were seen in control H69 cells and H69 cells
cultured in Ov-Trx-1 groups, 81.5% and 86.5%, respectively (Fig. 2A, C). Whereas most of
the cells exposed to peroxide entered early apoptosis and late apoptosis, 71.7% and 16%,
respectively, for cells pretreated with Ov-Trx-1 less apoptosis was induced by hydrogen
peroxide with 22.2% and 1.87% of early and late apoptosis, respectively (Fig. 2B, D).
Similar trends were apparent in a biological replicate at each of 24, 48 and 72 hours (not
shown).

Modulatory effects of Ov-Trx-1 on cholangiocytes with respect to oxidative stress were also
investigated in real time using the xCELLigence system (Ke et al., 2011). H69 cells were
cultured in the presence of 0, 5 or 10 ug/ml of Ov-Trx-1 for two days, after which were
exposed to H,0, at 300 pM. In some assays, cells cultured in Ov-Trx-1 that had been heat
denatured were included. The cells exposed to peroxide exhibited a rapid drop in the
normalized CI, whether they were incubated or not with Ov-Trx-1, in comparison to control
H69 (non-apoptotic) cells (not shown). However, from about six hours after the collapse,
cells that had been incubated with Ov-Trx-1 appeared to recover and proliferation thereafter
in comparison to control H69 cells exposed to H,O5 (Fig. 3A). The effect of Ov-Trx-1 at 5
pg/ml was more marked than for 10 ug/ml in this assay. The difference may reflect toxicity
of the thioredoxin protein to the cells at large. We have previously reported that optimal
concentration of liver fluke secretory/excretory products and reported inhibition of
proliferation of H69 cells at concentrations higher than optimal concentration (Smout et al.,
2009). Similar effects may occur with increasing concentration of Ov-Trx-1. In some assays
we included denatured Ov-Trx-1, aiming to determine whether the activity of Ov-Trx-1 in
modulation of apoptosis was dependent of the enzymatic activity of this thioredoxin. Unlike
intact Ov-Trx-1, heat denatured Ov-Trx-1 failed modulate peroxide induced stress induced
apoptosis (Fig. 3B and not shown). Similar trends were seen when H,0, concentrations of
30 uM and 75 uM were used to induce oxidative stress, although significant modulatory
effect of Ov-Trx-1 (and lack of modulatory effect of heat denatured Ov-Trx-1) was not
apparent as quickly as with 300 pM H,0, (Supplementary Fig. S1, panels A, B).

In addition, morphology of the H69 cells incubated with or without 5 ug/ml Ov-Trx-1 was
monitored and recorded continuously for 18 hours by CLSM after addition of H,O, at 300
UM, and the images were analyzed using Volocity 3D software. In brief, in the presence of
Ov-Trx-1, morphology of cholangiocytes appeared to withstand the changes seen in the
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control cells exposed to peroxide; the cells exhibited less blebbing and less condensed nuclei
(Supplementary Movie S1 and S2; and not shown).

Ov-Trx-1 down-regulates expression of apoptosis-associated genes

The modulatory potential of Ov-Trx-1 on cholangiocytes under oxidative stress was
investigated by transcriptional changes using Qiagen’s RT2-Profiler-PCR-Array that targets
the human apoptosis and programmed cell death pathways. Functional gene groups targeted
included death domain receptors, extracellular apoptotic signals, DNA damage and repair,
anti-apoptosis, negative regulation of apoptosis, positive regulation of apoptosis, caspases,
caspase activation, and caspase inhibition. The transcriptional profile of H69 cells cultured
with Ov-Trx-1 was generally similar to control H69 cells. Following addition of peroxide, at
least 23 genes of the 84-gene array were upregulated, including APAF1, BCL10, BCL2A1,
BCL2L10, BCL2L2, BIK, BICR5, CASP14, CASP5, CASP6, CD40LG, CIDEA, DAPK1,
FAS, FASLG, GRADD45A, HRK, IL10, LTA, TNF, TNFRSF10A, TNFSF8, and TP73. By
contrast, six of these genes were downregulated the addition of hydrogen peroxide to H69s
cultured with Ov-Trx-1 -- BIK, BIRC5, DAPK1, FAS, GADD45A, TP73, along with two
others, BNIP3 and TNFRSF9 (Supplementary Figure S2). Major changes in gene expression
of this pathway induced by H,0,, and/or modulated by Ov-Trx-1, are illustrated in Figure 4.
The array groups the genes in sub-categories, and changes in three of these sub-category
pathways — death domain and DNA damage (Fig. 4, panel A), induction of apoptosis (Fig.
4B), and positive regulation (Fig. 4C) were apparent. Among the significant changes was a
multi-fold increase in expression of CIDEA, GADD45A, BCL10, FASLG, TP73 and
TNFRSF10A (among others) due to oxidative stress but, by contrast, comparative
modulation of expression of these genes in the H69 cultured with the fluke thioredoxin. Two
biological replicates of this assay were undertaken, with similar findings (not shown).

MAP3K/ASK-1/IJNK-P38K pathways engaged by liver fluke thioredoxin

Apoptosis signal-regulating kinase 1 (ASK-1) is a member of the mitogen-activated protein
kinase kinase kinase family that activates c-Jun N-terminal kinase and p38 in response to
oxidative stress, endoplasmic reticulum stress and other insults. An array of regulatory
mechanisms for ASK-1 are known, including activation by oxidative stress (Hattori et al.,
2009). The expression profile of a panel of 12 genes that encode key members of the
MAPK/ASK-1 JNK-P38K signaling cascade was investigated. Scatter plots of expression
for the target genes were revealed that most were upregulated in response to H,O,-induced
stress, whereas almost MAP3K/ ASK-1/IJNK and P38K signaling genes were expressed
similar as the normal condition (Supplementary Figure S3). The analysis revealed that
expression levels of MAP3K/MAP2K, MAP3K/MAPK, MAPK/ASK-1-MAP2K3/6-P38K-
a/é6 and MAPK/ASK-1-MAP2K4/7-JNK1/2 downstream signaling pathways were
modulated when H69 cells were co-cultured with the liver fluke thioredoxin in comparison
to H69 cells stressed by exposure to H,O5 (Fig. 5, panels A-C). A clustergram for the
expression of these MAPK/ASK-1 signaling genes is also presented (Fig. 5D), which
revealed that the gene response profile of H69 cells cultured in Ov-Trx-1 before peroxide
induced stress was not markedly dissimilar to that of the control cells.
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Fluke thioredoxin interacts with human apoptosis signal regulating kinase-1 complex

Western blot analysis was carried out targeting the starting fraction, flow-through and eluate
from the immunoprecipitation. Antigens in the eluate reacted strongly to each of His X6 at
12 kDa, Ov-Trx-1 at 12 kDa, and ASK-1 at 70 kDa. By contrast, the antibody to p-actin
failed to react with the eluted fraction but reacted to the starting material and to the flow
through material (Fig. 5E). These findings indicated that Ov-Trx-1 had bound to ASK-1 and
the complex was enriched in the immunoprecipitation targeting the 6 XHis motif of the
recombinant liver fluke thioredoxin.

Discussion

Evasion of apoptosis is a cardinal hallmarks of cancer (Hanahan and Weinberg, 2000). An
antiapoptotic activity of thioredoxin has been described, in particular the interaction with
ASK-1, apoptosis signal-regulating kinase-1 (Zhang et al., 2004). Apoptosis is down
regulated by thioredoxin (Yoshioka et al., 2006) and down regulated in opisthorchiasis-
induced CCA (Chusorn et al., 2013; Sripa, 2014). Previously we characterized an
antioxidant enzyme, thioredoxin-1 from the carcinogenic human liver fluke, O. viverrini
(Suttiprapa et al., 2012). Ov-Trx-1 is detected in all developmental stages of the parasite
especially in adult worm, and Ov-Trx-1 is ubiquitously expressed in tissues and organs of
adult flukes. In addition, secretions/excretions (ES) of the adult flukes include Ov-Trx-1,
suggesting that the enzyme performs additional roles outside of the liver fluke, in protection
of this pathogen against reactive oxygen species (ROS) of host origin during inflammation.
Since oxidative DNA damage have been reported whereas apoptosis in not common in O.
viverrini infected liver/ biliary system tissues (Sripa, 2003, 2014), it is feasible that fluke
thioredoxin may modulate apoptosis of the biliary epithelial cells in carcinogenesis of
cholangiocarcinoma induced by chronic opisthorchiasis. The mechanisms utilized by the
liver fluke O. viverrini to induce anti-apoptosis phenomena have not been reported. Findings
that revealed anti-apoptotic characteristics of the liver fluke thioredoxin-1 are described
here.

Immunolcalization detected by confocal microscopy revealed that liver fluke thioredoxin
entered cholangiocytes, confirming earlier reports with immuno-stained liver sections and
bile ducts from experimentally infected hamsters (Suttiprapa et al., 2012). Within
cholangiocytes, the liver fluke enzyme modulated apoptosis, as determined by flow
cytometric, real time growth analysis, gene pathway gPCR analysis, and
immunoprecipitations. At the outset, we investigated the potential anti-apoptotic activity of
Ov-Trx-1; flow cytometry revealed that Ov-Trx-1 inhibited the peroxide-induced apoptosis.
Moreover, cells incubated in Ov-Trx-1 were partially rescued from apoptosis as shown by
XCELLigence. The xCELLigence system has become established to monitor cellular
behavior in real time, including proliferation, apoptosis and the effect of anti-apoptotic drugs
(Sun et al., 2014). Liver fluke thioredoxin partially but, significantly, rescued the cells from
cell death. The effect was ablated when the denatured thioredoxin was tested, which
indicated the oxidoreductase activity of the enzyme scavenged ROS and thereby relieved the
oxidative stress in the cholangiocytes exposed to hydrogen peroxide.
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Qantitative PCR findings revealed that H69 cells treated with Ov-Trx-1 down regulated pro-
apoptotic genes, whereas anti-apoptotic genes were induced. Apoptosis signaling pathway
genes that were down regulated included FASLG, CIDEA, TNFSF8, TNFRS and TRAF3.
Moreover, downstream signaling molecules of ASK-1, including genes encoding key
players of MAP2K 3,4,6,7 and MAPK P38K, JNK pathways were suppressed. Since
mammalian thioredoxin binds and inactivates apoptosis signal-regulating kinase-1, ASK-1
(Liu and Min, 2002; Saitoh et al., 1998), we investigated whether Ov-Trx-1 might perform
in a similar manner.

Immunoprecipitation revealed that Ov-Trx-1 bound to human ASK-1 in lysates of H69 cells.
This conformed to the findings from the pathway expresion analyses where cholangiocytes
undergoing apoptosis induced by H,0, exhibited overexpression of genes in these pathways
whereas in cholangiocytes in Ov-Trx-1 at the time of the H,O» insult and oxidative stress,
the expression was down regulated or modulated in both the MAPK/ASK-1-MAP2K3/6-
P38K-a/6 and MAPK/ASK-1-MAP2K4/7-INK1/2 signaling pathways.

As noted, human ASK-1 formed a hetero-oligomeric complex with Ov-Trx-1.. To protect
the cell from oxidative stress-induced apoptosis, Ov-Trx-1 may directly scavenge oxygen
radicals. Within the cytoplasm of the cholangiocyte, Ov-Trx-1 might increase the
thioredoxin pool and supplement the endogenous cellular thioredoxin system to remove
oxidants (Branco et al., 2014; Lu and Holmgren, 2014; Pannala and Dash, 2015). In
addition, Ov-Trx-1 might indirectly neutralize pro-oxidizing agents by increasing redox
potential by enhancement of internatization of L-cystine and elevation of intracellular
glutathione (Iwata et al., 1997; Liu et al., 2000; Mitsui et al., 1992; Noguchi et al., 2005;
Saitoh et al., 1998). On the other hand, the thio-dependent peroxidase, peroxiredoxin, exrts
more potent activity against oxidation than thioredoxin (Nordberg and Arner, 2001); O.
viverrini encodes a perioxredoxin (Young et al 2014. To conclude, liver fluke thioredoxin
mediated anti-apoptosis phenomena in a model of oxidative stress in bile duct epithelium,
apparently through the modulatory activity of thioredoxin for ASK-1. We speculate that Ov-
Trx-1 antagonizes human-ASK-1 via the MAPK cascade, MAP3K-ASK-1/MAP2K-3, 4, 6,
7IMAPK-INK, P38K, and hence may accelerate infection-induced carcinogenesis in the
biliary tract. Future studies of hamsters experimental infected with O. viverrini in which the
thioredoxin gene has been silenced (Thanasuwan et al., 2014) should facilitate functional
studies of this hypothesis. Moreover, given that drugs that inhibit Trx/TrxR signaling
systems have been developed (Mukherjee and Martin, 2008), similar approaches targeting
liver fluke thioredoxin may provide leads for novel interventions for opisthorchiasis-induced
bile duct cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fluke thioredoxin enters cytoplasm of human cholangiocytes
Confocal imaging of cholangiocytes incubated with liver fluke thioredoxin. Control cells in

medium without Ov-Trx-1, probed with primary (mouse anti-Ov-Trx-1 sera) and secondary
(goat anti-mouse 1gG-Alexa Fluor 568) (red) antibodies (panel A), and counter-stained with
DAPI (blue). Panels B, C and D show cells incubated in Ov-Trx-1 for 30 min, 60 min and
120 min, respectively.
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Figure 2 Fluke thioredoxin protects human cholangiocytes from oxidative stress induced
apoptosis
Flow cytometric analysis using staining with Annexin-V/Alexa488 and propidium iodide
(P1) to investigate apoptosis of H69 cells; panel A, control H69 cells after 48 hours in
culture; H69 cells exposed to hydrogen peroxide (B); H69 cells cultured in Ov-Trx-1, 5

pg/ml (C); H69 cells cultured in Ov-Trx-1, 5 pg/ml H69 cells, exposed to H,O5 (D).
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Figure 3. Liver fluke thioredoxin partially rescued cholangiocytes from H,O»-induced apoptosis
as measured by xCELLigence real time cell assay

Panel A: Cellular growth percentage of cells exposed to 300 uM of H,0, is expressed as the
percentage of the Normalized Cell Index of cells pre-incubated with 5 or 10 pg/ml of
recombinant Ov-Trx-1 compared to the Normalized Cell Index of control cells pre-incubated
without Ov-Trx-1 (growth rate = 100%). Blue asterisks denote significance at P < 0.05
between the growth percentage of cells cultured with 5 ug/ml of Ov-Trx-1 and control cells.
Panel B: Cellular growth percentage of cells exposed to 300 uM of H,O, expressed as the
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percentage of the Normalized Cell Index of cells pre-incubated with 10 pg/ml of active
recombinant Ov-Trx-1 or heat-denatured recombinant Ov-Trx-1 compared to the
Normalized Cell Index of control cells pre-incubated without Ov-Trx-1 (growth rate =
100%). Red asterisks denote significance at P < 0.05 between the growth percentage of cells
cultured with 10 pg/ml of Ov-Trx-1 and control cells. Orange asterisks ndicate levels of
significance (*, P < 0.05, **, P < 0.01) between the growth percentage of cells cultured with
10 pg/ml of active Ov-Trx-1 cells and the growth percentage of cells cultured with 10 pg/ml
of heat-denatured Ov-Trx-1.
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Figure 4. Gene expression during apoptosis signaling array in response to oxidative stress
Gene expression levels of representative genes of the apoptosis signaling pathway analyzed

by PCR pathway gene array; death domain protein and DNA damage genes, FADD,
TNFRSF10B, CIDEA, TP73 (panel A), introduction of apoptosis genes, FASLG,
GADD45A, TNFSF8, BAD, DIABLO, TP53BP2, BCL10, FAS, TNFRSF10A (panel B),
and positive regulation genes, AKT1, NOD1, TRAF2, TRAF3 (panel C). Four groups of
cells and their treatments were compared: control H69 cells (blue bars), H69 cells cultured
with Ov-Trx-1 (red), H69 cells cultured with Ov-Trx-1 and exposed to H,O, (purple) and
H69 cells exposed to H,O, (green). Significant differences among groups for various are
indicated; * denotes p < 0.05, **p < 0.005.
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Figure 5. Quantitative real time PCR and immunoprecipitation analyses of gene expression in
the MAP3K/ASK-1 pathway

Four treatment groups of H69 cells were compared: control H69 cells, H69 cells exposed to
H20,. H69 cells cultured with Ov-Trx-1; and H69 cells cultured with Ov-Trx-1 and exposed
to H,0o Gene expression in the MAP3K/MAP2K, MAP3K/MAPK, MAPK/ASK-1-
MAP2K3/6-P38K-a/6 downstream pathway genes (panel A), and MAPK/ASK-1-
MAP2K4/7-JINK1/2 downstream pathway genes (panel B). Schematic that indicates the
gene pathway (panel C) (Aurelian, 2005). Differences among groups: * denotes p < 0.05,
**p < 0.005. Panel D presents a clustergram of these MAPK/ASK-1 signaling genes; groups
H69 control, H69 exposed to peroxide, H69 cells cultured in Ov-Trx-1, and H69 cells
cultured in Ov-Trx-1 and exposed to H,O5 (red and green in the heat map denote maximal
and minimal gene expression, respectively). Immunoprecipitation/ western blot analysis
with anti-Ov-Trx-1, anti-Hisx6, anti-ASK-1, and anti-p-actin. H69 cells were cultured in Ov-
Trx-1, 5 pg/ml. Lysate of the cells (lane 1); flow-through (lane 2); eluate (lane 3) (panel E).
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