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ABSTRACT

Oxysterols are oxidation products of cholesterol that are generated by enzymatic reactions mediated
by cytochrome P450 family enzymes or by non-enzymatic reactions involving reactive oxygen and nitrogen
species. Oxysterols play various regulatory roles in normal cellular processes such as cholesterol
homeostasis. Pathological effects of oxysterols have also been described, including atherosclerosis,
neurological disease, and cancer. The molecular mechanisms whereby oxysterols contribute to the initiation
and progression of cancer are an area of active investigation. We hypothesized that biliary oxysterols
resulting from liver fluke infection participate in cholangiocarcinogenesis. To prove the hypothesis, the study
was performed in both in animal and human models.

Using gas chromatography/mass spectrometry, we identified oxysterols in liver tissue of
cholangiocarcinoma (CCA)-induced hamsters by administration with Opisthorchis viverrini and N-
nitrosodimethylamine. Certain oxysterols including 3-keto-cholest-4-ene (3K4) and cholestan-3[3, 50, GB-trioI
(Triol) were found at significantly higher levels in the livers of CCA hamsters. We therefore investigated the
effects of Triol and 3K4 on induction of cholangiocarcinogenesis using an in vitro MMNK-1 culture model.
Cytotoxicity and apoptosis studies showed that Triol- and 3K4-treated cells caused apoptosis via a
mitochondrial-dependent mechanism as shown by western blot analysis. Interestingly, Triol and 3K4 also
induced formation of the DNA adducts 1,Ne-etheno-Z’—deoxyadenosine, 3,N4—etheno-2‘-deoxycytidine and 8-
oxo-7,8-dihydro-2’-deoxyguanosine in cholangiocytes. In order to determine whether oxysterol -induced cell
death is involved in the development of cholangiocarcinoma, we established oxysterol -resistant MMNK-1
cells by long term culturing with Triol. Triol-resistant cells could resist apoptosis induced by H,0,, a known
apoptosis inducer. To investigate the mechanisms whereby oxysterol -resistant cells may be involved in
cholangiocarcinogenesis, we performed protein array analysis for phosphorylated kinases and apoptosis-
related proteins. Kinase phosphorylation array showed increased induction of mitogen-activated protein
kinases such as p38 mitogen-activated protein kinase o (p38-0) and extracellular signal-regulated kinase
(ERK1/2) in Triol-resistant cells. Phosphorylation of oncogenic tyrosine kinases such as Src, Lyn, Yes, and
Fak were also elevated. Moreover, the oncogenic transcription factors cAMP response element-binding
(CREB) and c-Jun (S63) were activated in resistant cells. Additionally, we found the increased expression of
anti-apoptosis proteins including Bcl-2, Bcl-x, clAP-2 and survivin. Conversely, we found reduced expression
of the death receptor Fas in Triol-resistant cells compared to controls. Thus, activation of down-stream
effectors that play role in receptor tyrosine kinase signaling, results in regulation of gene expression of
apoptosis-related proteins. These enhance cellular survival and evasion of apoptosis.

We profiled oxysterols in human bile and normal and malignant hepatic tissue using gas
chromatography and mass spectrometry. Seven oxysterols, 7-keto-cholesta-3,5-diene (7KD), 7[3
hydroxycholesterol (7B-OH), 5,6-epoxycholesterol (Epoxy), 7-ketocholesterol (7-keto), 24-hydroxycholesterol
(24-OH), Triol and 3K4 were identified in normal human liver and cancer tissue including CCA and HCC.
Oxysterols accumulated in the cancer groups compared to normal liver. Similar oxysterol species were found
in human gallbladder bile. High levels of oxysterols were found in the bile of CCA patients compared to the

bile of patients with benign biliary disease. No significant differences were observed in oxysterol levels



between samples from CCA patients with low and high level of total serum bilirubin. Interestingly, we found
high levels of 24-OH in CCA tumor tissue and bile compared to cadaveric donors and HCC. Here we
demonstrated low mRNA expression of CYP7A1 and CYP39A1 enzymes in CCA resulting in accumulation of
24-OH in tumor tissue. Thus, CYP expression and its role in 24-OH metabolization in CCA tissue need
further investigation.

We studied the correlation between certain types of oxyterols and their binding proteins (OSBPs).
Relative OSBP1 and OSBPL8 gene expression in CCA tumor tissue and HCC was significantly decreased
(P<0.05), whereas, relative OSBPL7 and OSBP2 gene expression in CCA tumor tissue and HCC was
increased compared to normal liver from cadaveric donors (although this difference was not statistically
significant). Correlation between OSBP expression and oxysterol levels in liver tissue was also found. A
significant correlation between OSBP2 expression and 24-OH level was found (r=0.57, P<0.0001). Moreover,
OSBPL5 expression was correlated with 7-keto, Epoxy and 7KD levels.

Major oxysterols were also investigated in human gallbladder bile. Elevated levels of total bile acids,
conjugated bile acids and primary bile acids were found in samples from CCA patients, suggesting that bile
duct obstruction may contribute to alterations in bile acid concentration. Levels of cholic acid,
chenodeoxycholic acid and deoxycholic acid were increased in cancer groups. Correlation of total bile acids,
cholic acid and chenodeoxycholic with cholesterol, bilirubin and ALP concentrations was found. These
findings suggest a different pattern of bile acid concentration in patients with hepatobiliary cancer compared
to patients with benign biliary disease. Alteration of bile acid concentration may be a reflection of the disease
process.

In conclusion, our results suggest that certain oxysterols are involved in cholangiocarcinegenesis.
Oxysterols may enhance carcinogenesis , thereby providing a rational strategy for the chemoprevention of

CCA.



EXECUTIVE SUMMARY

(2
=

Namu%%’ﬂmﬂumma@ﬂ%ﬁuﬁwwmwmaamimjuaaﬂ%amaiaalum‘sﬁamﬁoﬁm{ﬂﬁ
(cholangiocarcinoma, CCA) Aiguwuinumsaadawesly ey %auwmmaamsmjuaﬁmiamﬂﬁ@mﬁaEJ'@
fganm linnin wazluenuduwaidtadunumbidenluningulusduidulod arslulaase wisnsa
#naae 'vnﬂmﬁaaﬁmmftﬂmwaluf’iflaaf:ﬁﬁ):*’ﬁ’sﬂlﬁmﬁﬁa}ﬁfﬂﬁamﬁnmim ccA lafidszaniawann
Ju wamsansiihauwlanninuisodesitae lunizanuedsasandiatusuiaanmsaagonsnslyldey
fvnlinmIsniauEess uasmaduwzSevianig V’iﬂﬁlﬁ@]ﬂ’]ia%’mmsmjmaan%amaiaaﬁﬁuwmﬂmawm’%
"371mvl,él”ﬁy'oLLuuvL&isLﬁSu"lfﬁﬁ‘[@zJmumamiﬁ'}ﬂﬁﬁ’%mmaaa%a’éaiwﬁ@ reactive oxygen/nitrogen species
l@un 3-keto-cholest-4-ene (3K4) and cholestan-3p, 50, 6p-triol (Triol) ¥ 3K4 uas Triol Qﬂff@lagluﬂﬁjw
carcinogenic oxysterols wazwuy ol cytochrome P450 (CYP) laun 24-hydroxycholesterol (24-OH) a9
Moazduanafaulaoi

i ldamanudsinadiiaduuas 3K4 uas Triol ‘Luﬂi:mumsﬂ'amﬁ\wim{'}ﬁmamwmuamaimﬂu
oo cca SRl mﬂﬁf’uvlﬁﬁgaaﬁ'hmiﬁgmauﬂu carcinogenic oxysterol I@ﬂﬁ%&mngﬂuﬁaqﬁa
Ner (MMNK-1 cell line) HanSANHINLIN Triol Laz 3K4 ﬂiz@jﬂﬁlﬁ@mimmmu apoptosis lagaduna’tn
iumalulnaawess wenaniiTriol LLa$3K4gﬂﬂiz@julﬁﬁ@m’]iﬁ’]ﬂ’]ElaLS%LQ laswuinlvSunaaad etheno
adducts LAz 8-oxo-7,8-dihydro-2’-deoxyguanosine gj\‘i“ﬁu I}ﬁffﬂﬂ'ﬂﬁﬁ’lmiﬂizﬁm‘ﬁaﬁ MMNK-1 ls@asans
8al8 Triol lagdd long term culture e Triol-resistant cell ﬁ??a@iamzmums apoptosis Lﬁaﬂs:ﬁuﬁw
H,0, Wui1 1w Triol-resistant cell ﬁmsnszﬁuﬂavlnﬁl,ﬁmﬁadﬁ'umsag'iamadmiaﬁ WU AN TuaIMT
waeapanvallsdufiiedasiun1s@n apoptosis agﬂvl@T:hﬁga 3K4 wag Triol A wad Ul oadnauwIA2La
3U38A9TN apoptosis  wd luvmideriuAiianiInanewug LLastﬁasT‘g@f:mnﬁmmﬁaLmaﬁﬁauﬁ@ clonal
expansion [InTzUIMMIRaNzISIRe U wamumﬂﬁaﬁuﬁﬁt\mm 3 Gos ldun

1. Jusakul A, Yongvanit P, Loilome W, Namwat N, Kuver R. Mechanisms of oxysterol-induced
carcinogenesis. Lipids Health Dis. 2011 Mar 9;10:44.

2. Jusakul A, Loilome W, Namwat N, Haigh WG, Kuver R, Dechakhamphu S, Sukontawarin P,
Pinlaor S, Lee S. P., Yongvanit P. Liver fluke-induced hepatic oxysterols stimulate DNA damage
and apoptosis in cultured human cholangiocytes. Mutation Research. 2012; 731: 48-57.

3. Jusakul A, Loilome W, Namwat N, Techasen A, Kuver R, loannou GN, Savard C, Haigh WG,
Yongvanit P. Anti-apoptotic phenotypes of cholestan-33, 50, 6f-triol-resistant human
cholangiocytes: characteristics contributing to the genesis of cholangiocarcinoma. J Steroid
Biochem Mol Biol. 2013 Nov;138:368-75.

manwriauazlSunmuedaandaiaaton ‘Luﬁfafhwu%aﬂm‘zﬂﬁmaagﬂamwuaaﬂ%amaiaaaﬁwmu
7 %@ fa 7-keto-cholesta-3, 5-diene (7KD), 7B-hydroxycholesterol (YB-OH), 5, 6-epoxycholesterol (Epoxy),
7-ketocholesterol (7-keto), 24-hydroxycholesterol (24-OH), Triol uaz 3K4 U3unnsuad YB-OH, 3K4 ez epoxy
Twileide cca goﬁuaﬂwaﬁﬁfﬁﬁwﬁ'@maaﬁ&ﬁam%uLﬁﬂuﬁ'mf‘:al,?]aﬁuﬂna wananit YSanmaes 7KD,
Triol uaz lw CCA gaﬁuamaﬁﬁfﬁﬁ']ﬁ@mdaﬁaLfiauﬁﬂmﬁﬂuﬁuﬁuﬂnma:mﬁaﬁu (hepatocarcinoma,
HCC) NMMI@IIAWL carcinogenic oxysterols (Triol uaz 3k4) lugtle CCA unsBuduiisunuinnanalia
madmiﬁlumgwﬁ wazdluaSiuInfdmIdunuIzdusns 24-OH gd%ulul,f':alﬁamﬁd R R L e RTTR AT

izl ulsaneINUaNed LT1 08 lotuas 1asdIiunuInlunIzuIRAITONLRULAEZANILLAT A NTLATH
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’ Total Direct .
Cholesterol . . et . ALT AST ALP
olestero bilirubin | bilirubin
Pearson Correlation A460™ 514" 536" 510"
Total bile acid
P value 004 001 001 ns ns 001
Total primary Pearson C'onelation 456" 53" 554" 343"
bile acid Pvalue 005 001 000 ns ns 001
Total secondary Pearson Conelation
bile acid Pvalue ns ns ns ns ns ns
Pearson Correlation 402" 456" 477" 643"
Total CA o
Fvalue 014 005 003 ns ns 000
Pearson Conelation 404" 490" 509"
Total CDCA
P value 013 .002 001 ns ns ns
Pearson Conrelation
Total DCA
Fvalug ns ns ns ns ns ns
Pearson Corelation 455"
Total UDCA _
Pvalue ns ns ns 005 ns ns
Pearson Correlation
Total LCA
P value ns ns ns ns ns ns

* Correlation is significant at the 0.05 level
** Correlation is significant at the 0.01 level
Cholic acid (CA), Chenodeoxycholic acid (CDCA), Deoxycholic acid (DCA), Ursodeoxycholic acid (UDCA),
Lithocholic acid (LCA), Alanine aminotransferase (ALT), alkaline phosphatase (ALP) and aspartate

aminotransferase (AST)
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Mechanisms of oxysterol-induced carcinogenesis
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Abstract

Oxysterols are oxidation products of cholesterol that are generated by enzymatic reactions mediated by
cytochrome P450 family enzymes or by non-enzymatic reactions involving reactive oxygen and nitrogen species.
Oxysterols play various regulatory roles in normal cellular processes such as cholesterol homeostasis by acting as
intermediates in cholesterol catabolism. Pathological effects of oxysterols have also been described, and various
reports have implicated oxysterols in several disease states, including atherosclerosis, neurological disease, and
cancer. Numerous studies show that oxysterols are associated with various types of cancer, including cancers of
the colon, lung, skin, breast and bile ducts. The molecular mechanisms whereby oxysterols contribute to the
initiation and progression of cancer are an area of active investigation. This review focuses on the current state of
knowledge regarding the role of oxysterols in carcinogenesis. Mutagenicity of oxysterols has been described in
both nuclear and mitochondrial DNA. Certain oxysterols such as cholesterol-epoxide and cholestanetriol have been
shown to be mutagenic and genotoxic. Oxysterols possess pro-oxidative and pro-inflammatory properties that can
contribute to carcinogenesis. Oxysterols can induce the production of inflammatory cytokines such as interleukin-8

and interleukin-1p. Certain oxysterols are also involved in the induction of cyclo-oxygenase-2 expression.
Inflammatory effects can also be mediated through the activation of liver-X-receptor, a nuclear receptor for
oxysterols. Thus, several distinct molecular mechanisms have been described showing that oxysterols contribute to
the initiation and progression of cancers arising in various organ systems.

Introduction

Oxysterols are derived from either enzymatic or non-enzy-
matic oxidation of cholesterol [1,2]. The chemical struc-
tures of oxysterols vary depending upon the number and
position of oxygenated functional groups, and include
keto-, hydroxyperoxy-, and epoxy forms (Figure 1). Enzy-
matic pathways of oxysterol production mainly involve
cytochrome P450 family enzymes. Examples include 27-
hydroxylase (CYP27A1), the key enzyme in the alternative
bile acid synthesis pathway which leads to the production
of 27-hydroxycholesterol [3,4]; and 7o-hydroxylase
(CYP7A), the rate limiting enzyme in the classical bile acid
synthesis pathway that leads to the production of 7o.-
hydroxycholesterol [3,5]. Certain oxysterols are produced
by non-enzymatic oxidation (or auto-oxidation), a process
that involves reactive oxygen and nitrogen species (ROS,
RNS). Examples of ROS that participate in non-enzymatic
oxidation of cholesterol include hydroxyl radical (OH),
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hydrogen peroxide (H,0,), singlet oxygen ('O,) and ozone
(O3) [6,7]. 7a.-hydroperoxycholesterol is an example of a
product of non-enzymatic oxidation of cholesterol which
can be further oxidized by non-enzymatic and enzymatic
means. Examples of oxysterols generated by this mechan-
ism are 7-ketocholesterol and 7a./B-hydroxycholesterol.

Numerous in vivo and in vitro studies have described
biological effects of oxysterols [5]. Oxysterols can act as
intermediates in cholesterol catabolism, especially in bile
acid synthesis and are therefore involved in the elimina-
tion of excess cholesterol from the body. As oxysterols
possess more hydrophilic moieties compared to the parent
cholesterol molecule, they can pass more easily through
cell membranes. This can occur because polar moieties
inserting into hydrophobic regions of cell membranes
result in redistribution of the sterol in conjunction with
local re-ordering of the acyl chains [3,8,9]. Oxysterols are
also able to regulate key enzymes in cholesterol turnover
such as 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A
(CoA) reductase [10], the rate-limiting enzyme in choles-
terol synthesis.

Pathogenic effects of oxysterols has been described
predominantly in cardiovascular diseases [6,11,12] and

© 2011 Jusakul et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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Figure 1 Structure of cholesterol and several common oxysterols.

degenerative diseases such as age-related macular degen-
eration [13], Alzheimer’s disease [14,15] and osteoporo-
sis [16]. Several reports report a role for oxysterols in
neurological disease (summarized in Table 1) [17-20].
The effects of cholesterol oxidation products on carcino-
genesis was first reported by Bischoff and Rupp in 1946
[21]. Ovariectomized mice that received 10 mg of crude
progesterone in sesame oil showed a higher incidence of
cancer than mice that received purified progesterone.
Cholesterol oxidation products were found in mice that
received the crude progesterone extract. This study pro-
vided circumstantial evidence that carcinogens may be
produced endogenously from cholesterol. Subsequent

Table 1 Oxysterol disease associations
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studies have demonstrated the carcinogenic potential of
specific oxysterols. For example, 63-hydroperoxy-4-choles-
tane-3-one injected subcutaneously led to the develop-
ment of local sarcomas in mice [22]. Cholesterol-5a, 60t~
epoxide also induced local sarcomas [23].

Role of oxysterols in tissue-specific carcinogenesis
Oxysterols and lung cancer

An epidemiological study described the relationship
between lung cancer risk and oxysterols. Using a nested
case-control study design, smoking-independent associa-
tions between cholesterol oxidation and lung cancer risk
were investigated. Six oxysterols (7a.-hydroxycholesterol,
7B-hydroxycholesterol, cholesterol-a-epoxide, choles-
terol-B-epoxide, cholestanetriol, 7-ketocholesterol and 7-
keto-pregnenolone), were measured in plasma of 20
lung cancer patients. The results showed slightly
increased levels of all oxysterols compared with control
with the exception of 7a.-hydroxycholesterol and choles-
terol-o-epoxide. Additionally, a risk analysis showed no
statistical significant link between oxysterol concentra-
tions and lung cancer development. When adjusted for
participation in sports, however, the association between
7B-hydroxycholesterol levels and lung cancer was statis-
tically significant. The data suggest that plasma levels of
7B-hydroxycholesterol are a smoking-independent pre-
dictor and biomarker for lung cancer risk [24]. Increased
levels of 7B-hydroxycholesterol may be caused by lipid
peroxidation, oxysterol dietary intake and individual dif-
ferences in the metabolism of oxysterols.

Several reports describe the anti-cancer effects of 7f3-
hydroxycholesterol in lung cancer and various other types
of cancer [25-28]. 7B-hydroxycholesterol mediated a cyto-
toxic effect on human NCI-H460 lung cancer cells through
the induction of apoptosis via caspase activation [29].

Role of oxysterols in colon carcinogenesis

Several reports have provided evidence that oxysterols
contribute to gastrointestinal cancer development. Ani-
mal fat oxidation products, including oxysterols, have
been linked to colon carcinogenesis. One possible
mechanism for this effect is via upregulation of expres-
sion of transforming growth factor-f1 (TGF-f1) in
macrophages and fibroblasts, cells which are present in

Oxysterols Cancer Atherosclerosis Neurological diseases References
5,6-cholesterolepoxide \ N [84,85]
Cholestane-3B,5a.,6B-triol V N [17,86,87]
25-hydroxycholesterol vV [88]
24-hydroxycholesterol NI [89-91]
7-Hydroperoxy- V (92]
cholesterols

7-hydroxycholesterol Vv [93]
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the tumor microenvironment [30]. TGF-B1 is normally
involved in promoting differentiation and apoptosis in
intestinal epithelial cells. Colon cancer cells demonstrate
decreased expression of TGF-B1 type I and/or type II
receptors [31]. Thus, colon cancer cells are less suscepti-
ble to the growth regulatory effects of TGF-f1. An
increased concentration of TGF-B1 is thought to be
involved in a selective elimination of neoplastic cells
susceptible to the pro-apoptotic effects of this cytokine,
thereby indirectly allowing the clonal expansion of TGEF-
B1-insensitive neoplastic cells [32,33]. Consequently, dis-
ruption of TGF-f1 growth inhibition would support
uncontrolled cell proliferation and transformation. Such
alterations in TGF-B1 receptor expression have been
described in cancers of the colon [34], prostate [35],
breast [36] and lung [37]. An oxysterol mixture com-
posed of 7a.-hydroxycholesterol (43%), 5o, 60.-epoxycho-
lesterol (32%) and 5B, 63-epoxycholesterol (6%) induced
apoptosis in the human colon adenocarcinoma cell line
CaCo-2. The mitochondrial pathway of apoptosis was
upregulated in these cells after stimulation by oxysterols
as shown by a decrease in mitochondrial membrane
potential, release of cytochrome ¢, and activation of cas-
pase-3. The mechanism of oxysterol-induced upregula-
tion of apoptosis in differentiated CaCo-2 cells involved
increased production of ROS by NADPH oxidase activa-
tion [38]. Excessive levels of ROS and pro-inflammatory
cytokines likely contribute to impairment of enteric
mucosal function [39].

Patients with ulcerative colitis are at risk for develop-
ing colon cancer. These patients excrete high levels of
cholesterol, coprostanol and cholestane-3f3-50-6f triol
(cholestanetriol) in feces compared to patients with
other digestive diseases and healthy controls [40]. How-
ever, the carcinogenic effect of oxysterols has not been
demonstrated in rat colons. No colonic tumors were
induced by sterols including cholesterol epoxide, choles-
tanetriol and cholesterol in standard and germ free
female rats. Only lithocolic acid, a bile acid produced by
bacterial oxidation of chenodeoxycholic acid in the
colon, induced colon cancer in this model [41].

Role of oxysterols in cholangiocarcinogenesis

Oxysterols may also play a role in the development and
progression of cholangiocarcinoma (CCA), a malignancy
arising from intra- and extra-hepatic bile duct epithelial
cells or cholangiocytes. A risk factor for the develop-
ment of CCA in Thailand is chronic infection with the
liver fluke, Opisthorchis viverrini [42,43]. Infection leads
to accumulation of nitric oxide (NO) and oxygen radi-
cals in inflamed tissue resulting in direct and indirect
DNA damage both in animal and human studies
[44-47]. We found significantly increased levels of 4-
cholesten-3-one and cholestanetriol in a hamster model
of CCA induced by liver fluke infection combined with
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N-nitrosodimethylamine treatment (unpublished data).
Interleukin 6 (IL-6) is a potent mitogen for cholangio-
cytes and cholangiocarcinoma cells [48-50]. The role of
oxysterols in mediating tumor formation in cholangio-
cytes was reported by Yoon et. al.[51]. These investiga-
tors examined the effect of 22(R)-hydroxycholesterol
(22-HC) on cyclooxygenase-2 (COX-2) expression and
found that this oxysterol stabilized the level of COX-2
mRNA via a p38-mitogen activated protein kinase
(MAPK)-dependent mechanism leading to COX-2 pro-
tein accumulation in a CCA cell line. This induction of
COX-2 could promote cellular replication and inhibit
apoptosis [52] and thus contribute to the progression of
CCA. In addition to induction of COX-2 expression,
bile acids also enhance cellular levels of a potent anti-
apoptotic protein, myeloid cell leukemia protein 1 (Mcl-
1) [53]. Given the important role of apoptosis inhibition
in carcinogenesis and the dominant anti-apoptotic
effects of Mcl-1 in CCA cells, this observation may be
important in understanding the tropism displayed by
bile acid-induced CCA. Indeed, CCA appears to have
co-opted the toxic bile milieu to promote growth and
survival. Alteration of bile composition during chronic
inflammation warrants further investigation as a
mechanism of biliary tract carcinogenesis. This observa-
tion suggests that these tumors may not only have
developed mechanisms to survive the toxic constituents
in bile but may actually use bile to promote growth and
survival.

Oxysterols were found in infected human hepatic bile,
with 7a-hydroxycholesterol and 7B-hydroxycholesterol
present at significantly higher concentrations in infected
than in uninfected bile. The levels of 7a-hydroxycholes-
terol, 7B-hydroxycholesterol, cholestanetriol, 7-a-
hydroxy-4-cholestane-3-one and 7-ketocholesterol were
also positively correlated with C-reactive protein (CRP)
levels. These findings suggest that infection of biliary
cells may be linked to the synthesis of oxysterols and
consequently participate in the development of biliary
diseases [54,55].

Mechanisms of oxysterols in carcinogenesis

Mutagenicity of oxysterols

The mutagenic effects of oxysterols were first described
in1979. Smith et al. [56] reported this effect in air-aged
samples of cholesterol on five strains of Salmonella
typhimurium using the Ames method. Exposure of pure
cholesterol to heating in air at 70°C or to 60°C or
y-radiation resulted in the genesis of mutagenic com-
pounds. No mutagenic effect of cholesterol-o.-epoxide
and cholesterol-f-epoxide was shown, similar to choles-
terol. In a hamster model, cholesterol-a.-epoxide showed
a weak mutagenic effect. V79 Chinese hamster lung
fibroblasts treated with cholesterol-a-epoxide induced
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8-azaguanine-resistant mutants at frequencies that were
4.6 to 11.8-fold higher than the spontaneous mutation
rate in rats. Cholesterol-a.-epoxide accumulates in cells
and can transform into cholestanetriol which possesses
greater cytotoxicity and acts as a potent inhibitor of
DNA synthesis. This modification causes a decrease in
the mutagenic effects of cholesterol-a.-epoxide. Thus the
mutagenicity of cholesterol-a-epoxide in V79 Chinese
hamster lung fibroblast cells may depend on the ability
of cell to metabolize cholesterol-epoxide to cholestane-
triol via epoxide hydrolase activity.

The genotoxicity of cholestanetriol using the Ames
method and the generation of chromosomal aberrations
has been demonstrated. Cholestanetriol, but not 7-keto-
cholesterol and cholesterol-5a-6a-epoxide, exhibited
genotoxicity as determined by the rate of bacterial rever-
tants in the absence of the metabolic activating enzyme
(S9). In addition, cholestanetriol induced chromosomal
aberrations in Chinese hamster ovary cells (CHO-K1) in
the presence and absence of the S9 fraction. However,
the degree of abnormalities in chromosomal structure
was reduced with S9 treatment when compared to no
treatment. Anti-oxidant enzymes including catalase and
superoxide dismutase can inhibit cholestanetriol-induced
increases in bacterial revertant rates and chromosome
aberration in CHO-K1 cells. ROS production also
increased in cholestanetriol-treated cells. These results
suggest that genotoxicity of cholestanetriol may involve
ROS generation [57]. Moreover, the effect of oxysterols
on DNA mutation was reported by Gramajo et al.[58].
7-ketocholesterol-treated culture significantly increased
the degree of mitochondrial DNA (mtDNA) damage in
the human RPE cell line (ARPE-19). Various studies
also provide evidence that oxysterols enhance the pro-
duction of ROS/RNS [57-62]. Oxysterols might enhance
the production of ROS/RNS through alterations in the
mitochondrial electron transport chain [59].

Role of oxysterols in oxidative stress and inflammation

Numerous studies have found a role for oxysterols in
mediating pro-oxidative and pro-inflammatory processes
in age-related degenerative diseases such as Alzheimer’s
disease and atherosclerosis [6,13,63,64]. The pro-oxida-
tive and pro-inflammatory effect of 7a.-, 7B-hydroxycho-
lesterol, 7-ketocholesterol, cholesterol-5a.-6a.-epoxide,
cholesterol-B-epoxide, 22R-, 22S-, 25- and 27-hydroxy-
cholesterol were studied in U937 human promonocytic
leukemia cells. 7B-hydroxycholesterol, 7-ketocholesterol
and cholesterol-B-epoxide increased the production of
singlet oxygen. The highest capacity to stimulate IL-8
secretion and enhance IL-8 mRNA levels was observed in
cells treated with 7B-hydroxycholesterol and 25-hydroxy-
cholesterol [18]. Oxysterols that were oxidized at C7
enhanced the production of free radicals [62,65,66]. 7-
ketocholesterol caused a decrease in cellular glutathione
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content, oxidation of polyunsaturated fatty acids and
enhanced the production of ROS [62]. Moreover, 7-keto-
cholesterol enhanced IL-1B secretion in endothelial cells
and participated in the recruitment of monocytes and T
lymphocytes.

The cytotoxicity of 7-ketocholesterol and 7p-hydroxy-
cholesterol involves induction of oxidative stress and
down-regulation of anti-oxidative mechanisms [62].
These effects can be inhibited by anti-oxidant com-
pounds such as lycopene, carotene, folate, glutathione,
N-acetylcysteine and resveratrol [64,65,67-70]. Notably,
the pro-oxidative and cytotoxic effects may occur in the
absence of activation of NADPH oxidase, as shown in
J774A.1 macrophage cells [60,71]. NADPH oxidase plays
a key role in oxysterol-induced ROS production in a
human colon adenocarcinoma cell line [38].

Pro-inflammatory effects of oxysterols have also been
described. 7-ketocholesterol, 7B-hydroxycholesterol, 24-
hydroxycholesterol, 25-hydroxycholesterol and cholesta-
netriol have the capability to induce IL-8 production.
The pro-inflammatory effects of 25-hydroxycholesterol
was increased in hypoxic culture conditions and poten-
tiated lipopolysaccharide (LPS)-induced IL-1f secretion
[72]. In U937 and THP-1 cells, 7B-hydroxycholesterol
and 25-hydroxycholesterol were involved in the recruit-
ment of immunocompetent cells via MCP-1, MIP-1§3,
TNF-a, IL-18 and IL-8 [73]. In addition, certain oxyster-
ols are involved in the induction of COX-2 expression
which correlates with CRP levels [51,55].

Pro-inflammatory effects of oxysterols also act at the
transcriptional level. This can involve the activation of
the liver-X-receptor (LXR) which is a nuclear receptor
for certain oxysterols [74]. Pro-inflammatory oxysterols
that exert their effect through LXR include 22R-hydroxy-
cholesterol and 25-hydroxycholesterol but not 7B-hydro-
xycholesterol [19]. 7B-hydroxycholesterol appears to
exert its pro-inflammatory effects at translational and
post-translational levels. In 7B-hydroxycholesterol-trea-
ted U937 and THP-1 cells, increased IL-8 secretion was
found. This activation is associated with activation of the
MEK/ERK1/2 signaling pathway [73]. The anti-inflamma-
tory effects of oxysterols were also described in human
macrophages incubated with 7-ketocholesterol, 7p-
hydroxycholesterol, 25-hydroxycholesterol and 27-hydro-
xycholesterol before exposure to LPS-induced TNF-a
secretion [75]. The 25-hydroxycholesterol which was
produced from the stimulation of macrophage toll-like
receptors (TLRs) can suppress IL-2-mediated stimulation
of B cell proliferation and block IgA class switch recom-
bination, resulting in decreased IgA production [76].
Oxysterol signaling pathways
Oxysterols may exert their cellular effects by binding to
specific proteins and activating signaling cascades. In
human breast cancer (MCF-7) cells, Silva et al. [77]
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found that oxysterols in the lipid fraction isolated from
human osteoblast-like MG63 cell-conditioned medium
(MG63CM) induced MCEF-7 cell migration to bone tis-
sue. Interestingly, insulin-like growth factor 1 increased
the expression of oxysterol binding protein-related pro-
tein 7 (ORP7) in MCEF-7 cells. Binding between these
ligands and receptors altered the organization of lipid
microdomains in cell membranes. Several oxysterol-
binding proteins such as ORP7 and ORP 3 were recently
reported to play a role in cell adhesion and migration
through R-Ras, a small GTPase [78]. ORP3 is abun-
dantly expressed in leukocytes and epithelial cells, and
abnormally high expression levels are found in leuke-
mias and solid tumors [79]. Oxysterol-binding protein-
like-8 is overexpressed in hamster induced cholangiocar-
cinoma [80].

Oxysterols may act as secondary messengers in signaling
transduction pathways. 22R-hydroxycholesterol stabilizes
COX-2 mRNA via the 38-MAPK pathway in human cho-
langiocytes [51]. Hepatocellular carcinoma cells HepG2
and Huh7 senesce via alteration of p38 MAPK when trea-
ted with 5,6 secosterol [81]. Moreover, bile acids, which
can be considered a type of oxysterol in bile, are known to
activate various signaling cascades. Bile acids can stimulate
cell proliferation by activation of the phosphatidylinositol-
3-kinase (PI3-K) pathway via a number of mitogen
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receptor tyrosine kinases such as epidermal growth factor
receptor (EGFR) [82]. This activation is mediated by TGEF-
o, which is a ligand for EGFR. Bile acids that transactivate
EGER through a TGF-a dependent mechanism can be
blocked by matrix metalloproteinase (MMP) inhibitors.
This suggests that bile acids may activate the release of
TGF-a through the induction of MMP. The simplest
interpretation of this finding is that bile acids induce
MMP activity by generating soluble TFG-a leading to acti-
vation of EGFR (Figure 2). Rats with obstructed bile ducts
demonstrate increased cholangiocyte proliferation and
secretion [83].

Conclusions

This review focuses on the mechanisms that may be
operative in oxysterol-induced or associated carcinogen-
esis. In vitro and in vivo studies have demonstrated an
association between different types of oxysterols and the
development and progression of cancer of the colon,
lung, breast and bile ducts. Oxysterols may play critical
roles in multiple stages of carcinogenesis (Figure 3).
First, they may be involved in tumor initiation by
enhancing the production of ROS/RNS. Second, tumor
promotion may be enhanced by oxysterols through
upregulated expression of proteins such as COX-2 lead-
ing to the alteration of cellular phenotypes. In addition,

Extracellular

Bile acid

e ——

Proliferatio

Figure 2 Bile acids transactivate EGFR in cholangiocytes. Bile acids induce a signaling transduction cascade through EGFR. Bile acids can
stimulate Src kinase activity, enhance MMP activity and generate TGF-a.. Soluble TGF-a acts as the ligand for activation of EGFR. This activation
induces signaling molecules such as protein kinase C (PKC), PI3-K and MAPK resulting in alterations in the cell cycle, cell growth, and cell survival
(adapted from [53].
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Figure 3 Effects of oxysterols on carcinogenesis. Oxysterols exert
their effect on three stages of carcinogenesis by induction of DNA
damage, enhancing production of COX-2 and stimulation of tumor
cell migration [51,57,77].

certain oxysterols can support cancer progression
through the induction of migration. Oxysterols may
exert their effect by binding to specific proteins and
activating signaling cascades. Further investigations of
oxysterols and their impact on carcinogenesis are
required for developing improved strategies for the pre-
vention and treatment of various types of cancer.
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ARTICLE INFO ABSTRACT

Available online 8 July 2011 Oxysterols are oxygenated derivatives of cholesterol generated by enzymatic reactions mediated by cytochrome
P450 family enzymes or by inflammation-associated non-enzymatic reactions. Oxysterol binding proteins
(OSBPs) are cytosolic high affinity receptors for oxysterols. We previously found that OSBPL-8 is upregulated in
liver fluke (Opisthorchis viverrini)-induced hamster cholangiocarcinoma (CCA). Our aims were to determine the
expression patterns of OSBP isoforms in human CCA tissues and to evaluate whether OSBPs could be used as
molecular markers for the identification of blood-borne CCA metastasis. Expression levels of OSBP1, OSBP2,
OSBPL-7 and OSBPL-8 in CCA tissues were detected using qRT-PCR and immunohistochemistry. Expression of
OSBPs at mRNA level in the blood of CCA patients was also investigated. We confirmed increased expression of
OSBPL-8 in 0. viverrini -induced hamster CCA tissues. Moreover, increased expression of OSBP1, OSBP2, OSBPL-7
and OSBPL-8 was seen in human CCA tissues. Notably, a significant increased level of OSBPL-7 mRNA was
observed in tumor compared to non-tumor liver tissue. Immunohistochemistry supported the mRNA results, in
that OSBPL-7 protein was over-expressed in cancer cells and hepatocytes but not in normal biliary cells and
surrounding inflammatory cells. Interestingly, in our preliminary results, significantly higher levels of OSBP2 and
OSBPL-7 mRNA were seen in blood samples from CCA patients than in healthy controls. These results suggest that
0SBP2 and OSBPL-7 might serve as molecular markers for the identification of CCA metastasis in the bloodstream.

© 2011 Elsevier Ireland Ltd. All rights reserved.

Keywords:
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Molecular marker
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1. Introduction

Liver fluke (Opisthorchis viverrini) infection has long been
implicated in the genesis of cholangiocarcinoma (CCA) [1-3], a highly
malignant tumor originating from bile duct epithelial cells. CCA is a
major public health problem in northeast Thailand where its
incidence is the highest in the world [4]. CCA is a slowly progressive
disease and hence is difficult to diagnose until advanced or metastatic,
at which stage the prognosis is poor. Therefore, it is necessary to find
markers for early stage tumors and metastases in order to improve
diagnosis and treatment. Serum markers such as CA19-9 and CA125
have been suggested for CCA diagnosis [5-7]. However, a useful
genetic marker for CCA metastasis has not yet been described.

Alterations in expression of oxysterol binding proteins (OSBPs)
have been described in various cancers and might serve as potential
markers for solid tumor dissemination and poor prognosis [8,9].

* Corresponding author at: Department of Biochemistry, Faculty of Medicine, Khon
Kaen University, Khon Kaen 40002, Thailand. Tel./fax: + 66 43 438 386.
E-mail address: puangrat@kku.ac.th (P. Yongvanit).

1383-5769/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.parint.2011.07.003

OSBPL-7 is involved in breast cancer metastasis [10]. Oxysterol
binding protein-related protein 5 expression was related to invasion
and poor prognosis in pancreatic cancer patients [11,12]. Over-
expression of oxysterol binding protein like-8 (OSBPL-8) was
reported by our group in O. viverrini and N-nitrosodimethylamine
(NDMA)-induced hamster CCA [13].

The aims of this study were to determine the patterns of
expression of OSBP isoforms, including OSBP1, OSBP2, OSBPL-7 and
OSBPL-8, in human CCA tissues; and to evaluate whether OSBPs can be
used as molecular markers for CCA dissemination in the bloodstream.

2. Materials and methods
2.1. Animals, patients and blood samples

Hamsters were induced to develop CCA by combined treatment
with O. viverrini and NDMA. All animal studies conformed to the
guidelines of the National Committee of Animal Ethics, Faculty of
Medicine, Khon Kaen University (KKU) as previously described [13].
Forty-nine frozen and paraffin embedded archival specimens of CCA
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Table 1
Hamster and human oxysterol binding protein gene primers.

Gene Forward primer (5’-3") Reverse primer (5'-3")
Hamster-OSBPL-8 ~ AGGCTATTCCCCAGAAC AGACTCAATGGAACTTTGAA
Hamster-GAPDH AGAAGACTGTGGATGGCCCC TGACCTTGCCCACAGCCTT
Human-OSBP1 AAGAAGAGAGAAGCGGAAGC ~ TGGTAACAGGGTCCTTCTTC
Human-OSBP2 GAGGCCAATACCGAGAAG CAGCCTCTTCTCAAACCAC
Human-OSBPL-7 CAAAGTCATGGAGGAAAACA GCCTCCAGTAGGTATTGTTG
Human-OSBPL-8 CTGGGAGACATTCAGAGTTC CGGTGTGCTTGAAACTAAA
Human-GAPDH TCATCAGCAATGCCTCCTGCA TGGGTGGCAGTGATGGCA

from patients were selected from the biological sample bank of the
Liver Fluke and Cholangiocarcinoma Research Center, KKU. Moreover,
eight blood samples from CCA patients and four from healthy donors
were included. Informed consent was obtained from each subject
before surgery. The Human Research Ethics Committee of KKU
approved the research protocol (HE531163).

2.2. RNA extraction, cDNA synthesis and measurement of mRNA
expression levels by qRT-PCR

Total RNA and cDNA synthesis were carried out as previously
described [13]. mRNA levels of hamster OSBPL-8 and human OSBP

isoforms (OSBP1, OSBP2, OSBPL-7, OSBPL-8) and GAPDH were
measured using a SYBR Green assay [13]. PCR primers for each OSBP

A

Tumor

137

isoform and GAPDH were designed using Vector NTI software
(InforMax, Inc., Frederick, MD, USA). The detail of primer sequences
for oxysterol binding protein genes is shown in Table 1. Data were
analyzed using ABI PRISM 7500 system SDS software. Relative
quantification of gene expression was determined using the compar-
ative cycle threshold method [14], with GAPDH as the endogenous
control. Levels of mRNA were expressed as the ratio of target cDNA to
GAPDH.

2.3. Immunohistochemical staining

Immunohistochemical detection of OSBP2 and OSBP7 was carried
out as previously described [15]. In brief, sections were incubated
with goat polyclonal anti-OSBP2 antibody (1:100, Abcam, Cambridge,
UK) and goat polyclonal anti-OSBPL-7 antibody (1:100, Abcam),
followed by peroxidase-conjugated Envision™ (Dako, Carpinteria, CA,
USA) secondary antibodies. Sections were stained with diaminoben-
zidine tetra hydrochloride, counterstained with Mayer's hematoxylin
and examined with light microscopy.

2.4. Statistical analysis

Gene expression data were analyzed using gene expression
analysis software. The Mann-Whitney U test was used to compare
the differences in OSBP isoforms expressed among unpaired sample
groups. Results were considered significant at P<0.05.
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Fig. 1. Expression of hamster OSBPL-8 mRNA in O. viverrini-induced CCA tissues compared with normal liver tissues and normal gall bladder epithelial cells (GB), respectively.
(A) The relative gene expression of OSBP1 (B), OSBP2 (C), OSBPL-7 (D) and OSBPL-8 (E) in human CCA tissues compared with non-tumor tissues. Data are expressed as the median + S.E.

*P<0.05 compared with adjacent non-tumor tissues.
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Fig. 2. The pattern of expression of OSBP2 and OSBPL-7 proteins in human CCA tissues by immunohistochemical staining, with different stages of bile duct cell transformation

including normal (A, D), hyperplasia (B, E) and cancer (C, F). (40x magnification).
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Fig. 3. Expression of OSBP2 and OSBPL-7 mRNA in blood samples from CCA patients
compared to healthy controls. Data are expressed as the median+S.E. *P<0.05
compared to healthy controls.

3. Results
3.1. Patient characteristics

Of the 49 intrahepatic CCA patients studied, 71.8% were male
(male to a female ratio 2.5:1). The mean age was 56.9+ 9.0 (range,
39-74 years). The histopathological type of CCA was classified as
poorly differentiated (10.9%), moderately differentiated (26.1%), well
differentiated (39.1%) and papillary (23.9%).

3.2. mRNA expression of OSBPL-8 in hamster CCA tissue

We confirmed the expression of OSBPL-8 in O. viverrini-induced
hamster CCA. OSBPL-8 expression was up-regulated in 7 of 8 hamster
CCA tissues at week 24, but not in normal liver or in normal
gallbladder epithelial cells (Fig. 2A). Moreover, OSBPL-8 mRNA was
undetectable at weeks 1 to 12 in Ov-treated hamsters and in control
animals (data not shown).

3.3. mRNA expression of OSBP isoforms in human CCA tissue

mRNA expression of OSBP isoforms was compared between
human CCA tumor tissue and adjacent non-tumor liver tissue by
gRT-PCR. High levels of expression of OSBP1, OSBP2, OSBPL-7 and
OSBPL-8 mRNA were seen in human CCA tissues (Fig. 1B, C, D and E).
Moreover, significantly increased OSBPL-7 mRNA was observed in
tumor compared to non-tumor liver tissue (Fig. 1D).
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3.4. Immunohistochemical localization of OSBP2 and OSBPL-7

Immunohistochemical staining confirmed the mRNA findings:
OSBPL-7 protein was overexpressed in tumor tissue and hepatocytes,
but was absent or minimally expressed in normal biliary epithelial
cells and surrounding inflammatory cells (Fig. 2D, E and F). OSBP2
protein was expressed in normal bile ducts, tumor tissue, and
hepatocytes surrounding tumor tissue, but absent or minimal expres-
sion was observed in inflammatory cells (Fig. 2A, B and C).

3.5. OSBP2 and OSBPL-7 as molecular markers for CCA metastasis

We determined whether OSBP2 and OSBPL-7 could serve as
markers for metastasis of CCA. Blood samples from 8 CCA patients
collected before any antitumor treatment or surgery and 4 healthy
controls were used. Significantly higher levels of both OSBP2 and
OSBPL-7 were found in the blood of CCA patients than in healthy
controls (Fig. 3).

4. Discussion

We previously identified increased expression of OSBPL-8 in O.
viverrini-induced hamster CCA using fluorescent differential display
[13]. In the present study, we have confirmed that OSBPL-8 is
increased during Ov-induced cholangiocarcinogenesis. However,
OSBPL-8 expression is undetectable during the early time points.
This indicates that OSBPL-8 does not play a role in the early stages of
0. viverrini-induced cholangiocarcinogenesis.

We also determined the expression of OSBP isoforms in human CCA
tissues. OSBP isoforms of interest included OSBP1, which was the first
isoform described [16]; OSBP2, reported to be overexpressed in various
solid tumors and a potential molecular marker for hematogenous
dissemination [8,9]; OSBPL-7, reported to be involved in breast cancer
metastasis [10], and OSBPL-8, differentially expressed in the CCA
hamster model as described above [13]. We found that all OSBP
isoforms included in this study were up-regulated in human CCA tissues.
Furthermore, a significant difference in mRNA expression of OSBPL-7
was found in CCA tissue compared to adjacent non-tumor tissue.
Immunohistochemistry staining corroborated the mRNA results: high
expression of OSBPL-7 was seen in tumor tissues and hepatocytes but
not in normal biliary cells. A similar expression pattern was seen with
OSBP2 except that normal bile duct epithelial cells also expressed this
isoform. Immunoreactive staining of OSBP2 and OSBPL-7 was absent in
inflammatory cells in CCA tissues. This finding supports previous work
showing that OSBP2 could be a potential molecular marker for
hematogenous dissemination of solid tumors [8].

Our findings suggest that OSBP2 and OSBPL-7, the two isoforms
which have been reported to be associated with cancer metastasis
[8,10], could be used as markers for detecting CCA cells circulating in
the bloodstream. Expression levels of OSBP2 and OSBPL-7 in blood
from CCA patients are significantly higher than in the blood of healthy
controls. Low levels of these markers in peripheral blood from
controls suggest that the qRT-PCR assay detects circulating tumor
cells, although this finding will need verification.

Alimitation of this study is the small number of CCA cases. Moreover,
the detection of neoplastic cells in the peripheral circulation in CCA

patients has never been documented. Nevertheless, this is the first
report describing a means of potentially detecting circulating CCA cells.
Further studies should be undertaken to understand how OSBP
expression and its ligand (oxysterols) are regulated by O. viverrini
infection.
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Oxysterols are cholesterol oxidation products that are generated by enzymatic reactions through
cytochrome P450 family enzymes or by non-enzymatic reactions involving reactive oxygen and nitrogen
species. Oxysterols have been identified in bile in the setting of chronic inflammation, suggesting that
biliary epithelial cells are chronically exposed to these compounds in certain clinical settings. We hypoth-
esized that biliary oxysterols resulting from liver fluke infection participate in cholangiocarcinogenesis.
Using gas chromatography/mass spectrometry, we identified oxysterols in livers from hamsters infected
with Opisthorchis viverrini that develop cholangiocarcinoma. Five oxysterols were found: 7-keto-cholesta-
3,5-diene (7KD), 3-keto-cholest-4-ene (3K4), 3-keto-cholest-7-ene (3K7), 3-keto-cholesta-4,6-diene
(3KD), and cholestan-3f3,5a,63-triol (Triol). Triol and 3K4 were found at significantly higher levels in the
livers of hamsters with O. viverrini-induced cholangiocarcinoma. We therefore investigated the effects
of Triol and 3K4 on induction of cholangiocarcinogenesis using an in vitro human cholangiocyte culture
model. Triol- and 3K4-treated cells underwent apoptosis. Western blot analysis showed significantly
increased levels of Bax and decreased levels of Bcl-2 in these cells. Increased cytochrome c release from
mitochondria was found following treatment with Triol and 3K4. Triol and 3K4 also induced formation of
the DNA adducts 1,N®-etheno-2'-deoxyadenosine, 3,N*-etheno-2'-deoxycytidine and 8-oxo0-7,8-dihydro-
2’-deoxyguanosine in cholangiocytes. The data suggest that Triol and 3K4 cause DNA damage via oxidative
stress. Chronic liver fluke infection increases production of the oxysterols Triol and 3K4 in the setting of
chronicinflammation in the biliary system. These oxysterols induce apoptosis and DNA damage in cholan-
giocytes. Insufficient and impaired DNA repair of such mutated cells may enhance clonal expansion and
further drive the change in cellular phenotype from normal to malignant.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Oxysterols are the oxygenated derivatives of cholesterol
derived from either enzymatic or non-enzymatic reactions [1,2].
The production of oxysterols through the enzymatic pathway
involves CYP450 family enzymes; this mechanism is integral to
the conversion of cholesterol into bile acids [3]. In contrast,
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non-enzymatic mechanisms involve reactive oxygen and nitro-
gen species (ROS/RNS) [4,5]. Numerous studies describe biological
effects of oxysterols in areas such as cholesterol catabolism and
cholesterol homeostasis [6,7]. Pathological effects of oxysterols
have also been described, including in cardiovascular disease [5],
Alzheimer’s disease [8], osteoporosis [9] and cancer [10-13]. Sev-
eral studies describe the effects of oxysterols on various types
of cancer, including those of the lung [14], breast [12], colon
[15], and bile ducts [16]. Oxysterols may contribute to tumor
initiation, promotion and progression [17]. Oxysterols includ-
ing Triol induced increased numbers of revertants in Salmonella
typhimurium and increased the frequency of chromosomal aber-
rations in CHO cells through the induction of ROS production
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[18]. 7-Ketocholesterol could damage mitochondrial DNA [19].
Oxysterols also have pro-oxidative and pro-inflammatory effects.
7a-, 7@-hydroxycholesterol, 7-ketocholesterol, cholesterol-5c-
6a-epoxide, cholesterol-53-63-epoxide, 22R-, 22S, 25- and
27-hydroxycholesterol act as pro-oxidative and pro-inflammatory
moleculesin U937 human promonocytic leukemia cells, and induce
pro-inflammatory cytokines such as interleukin-8 (IL-8) and IL-
13 [20,21]. Osteoblast-derived oxysterols trigger the migration of
breast cancer cells toward bone [12]. Carcinogenic effects of oxys-
terol have been recently reviewed by Jusakul et al. [17].

Several reports show a role for oxysterols in the development of
cholangiocarcinoma (CCA) [16,22], a malignant tumor of bile duct
epithelium. Chronic inflammation caused by Opisthorchis viverrini
(Ov) infection can induce the expression of inducible nitric oxide
synthase in bile duct epithelia and can subsequently cause nitra-
tive and oxidative damage to DNA, suggesting a potential role for
Ovinfection in CCA development [23,24]. The expression of cytoso-
lic oxysterol-binding protein is increased in Ov-induced hamster
CCA [22]. Certain oxysterols can stabilize cyclooxygenase-2 (COX-
2)mRNAvia a p38 MAPK-dependent mechanism resulting in COX-2
protein accumulation in CCA cells [16]. Increased concentrations
of oxysterols have been reported in infected human hepatic bile
[25], suggesting that biliary infection is involved in the biogene-
sis of oxysterols in bile through the production of reactive oxygen
species by activated leukocytes [25,26].

Taken together, this body of evidence suggests that overproduc-
tion of oxysterols during chronic biliary inflammation contributes
to the genesis and progression of CCA. In the present work, we
determined which types of oxysterols are involved in cholangio-
carcinogenesis and what roles they play using in vivo and in vitro
methods.

2. Materials and methods
2.1. Chemicals

Triol and 3K4 were purchased from Steraloids Inc. (RI, USA). Monoclonal anti-
bodies EM-A-1 against 1,N®-etheno-2'-deoxyadenosine (¢dA) and EM-C-1 against
3,N*-etheno-2'-deoxycytidine (edC) (cell culture supernatant) were obtained from
Dr. Petra Lorenz (University of Essen, Essen, Germany). Details of the production
of monoclonal antibodies and their specificity were previously reported [27,28].
8-0x0-7, 8-dihydro-2’-deoxyguanosine (8-oxodG) were purchased from Japan Insti-
tute for the Control of Aging (Fukuroi, Japan). RNaseA and Proteinase K were obtained
from Qiagen (Hilden, Germany). Anti-mouse antibody Envision system conjugated
with HRP was purchased from Dako (Glostrup, Denmark). Peroxidase Substrate Kit,
3,3’-diaminobenzidine (DAB) was purchased from Vector Laboratories (CA, USA).

2.2. Animal protocol and tumor induction

The animal experimental protocol was conducted according to guidelines of
the National Committee of Animal Ethics, Faculty of Medicine, Khon Kaen Uni-
versity, Thailand. Animal induction was done according to Loilome et al. [22]. In
brief, Syrian golden hamsters (Animal Unit, Faculty of Medicine, Khon Kaen Uni-
versity) aged 6-8 weeks were divided into 4 groups: (a) Untreated controls; (b)
Ov-infected; (c) N-nitrosodimethylamine (NDMA)-treated; and (d) Ov plus NDMA-
treated. Fifty Ov metacercariae were injected into each hamster via intragastric
intubation, and NDMA was administered in drinking water (12.5 ppm) provided ad
libitum for 2 months. Animals were sacrificed on weeks 1, 2, 3,4, 12 and 24 after treat-
ment. Liver tissue was collected, then immediately snap frozen in liquid nitrogen
and stored at —80°C until use. Histological changes in hamster livers were studied
on paraffin-embedded sections using standard hematoxylin and eosin staining as
described previously [29].

2.3. Oxysterol analysis in hamster livers

Oxysterol concentrations in hamster livers were analyzed by gas chromatog-
raphy/mass spectrometry (GC/MS) as described previously [30] with modifications.
All samples were processed under nitrogen and in the presence of butylated hydrox-
ytoluene (BHT) with careful control of temperature and pH to prevent generation of
oxysterols by autooxidation. In brief, the lipid fraction of liver tissue was extracted
with chloroform/methanol 2:1 containing 100 ppm BHT and cholestane as an inter-
nal standard, at room temperature. After the removal of the lower (chloroform) layer
which was evaporated under nitrogen at 40 °C, the residues were saponified at room

temperature overnight with 2 N methanolic potassium hydroxide. Nonsaponifiable
lipids were extracted twice with diethyl ether; the combined extracts were then
washed with distilled water. The ether was evaporated and the residue converted
to the TMSi derivative with BSTFA/pyridine. The solvent was evaporated and the
sample was taken up in 200 .l of hexane. One .l of sample was injected into a
Shimadzu QP2010 plus with 60 m DB-5 column. Oven temperature was 225 °C for
2min, then 10°C/min to 290°C and 2°C/min to 320°C with 15min at final tem-
perature. Sterol derivatives were eluted at 19-25 min, and spectra were identified
by comparison with authentic standard (Steraloids Inc, RI, USA) and with the NIST
library of spectra and the Wiley Registry of Mass Spectra, 7th edition.

2.4. Cell culture

The immortalized human cholangiocyte MMNK-1 cell line, transduced with
SV40T and hTERT, was generated and supplied by Professor Naoya Kobayashi
(Okayama University, Japan) Cells were cultured in Ham F'12 (Invitrogen, CA, USA)
supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin at 37 °C and 5% CO;.

2.5. Cytotoxicity assay

MMNK-1cells (2 x 103/100 pl) were seeded into 96-well plates and incubated
overnight at 37°C and 5% CO,. Cells were treated with Triol and 3K4 at designated
concentrations for 48 h. Triol and 3K4 were dissolved in 100% ethanol and added to
culture media at different concentrations; the final concentration of ethanol was
0.5%. The number of viable cells was determined using sulforhodamine B (SRB,
Sigma-Aldrich, MO, USA) as described previously [31]. Briefly, cells were fixed in
10% cold trichloroacetic acid for 1h at 4°C and stained with 0.4% (w/v) SRB in 1%
(v/v) acetic acid for 30 min. Excess dye was washed with 1% acetic acid and stained
cells were solubilized with 200 .l of 10 mM unbuffered Tris-base. The absorbance
was measured with a microplate reader (Sunrise, TECAN Trading, Switzerland) at
540 nm. The results were expressed as a percentage of cell viability relative to con-
trol (cells treated with 0.5% ethanol). The concentration that inhibits cell growth
to 50% of control (ICsp) was calculated by plotting the percentage of cell growth
inhibition against oxysterol concentration.

2.6. GC/MS detection of oxysterol uptake

The incorporation of oxysterols into MMNK-1 cells was determined by GC/MS.
Briefly, 1 x 106 cells were treated with 20 wM Triol or 20 wM 3K4 for 0,3, 6,12, 24 and
48 h. At the end of treatment, cells were trypsinized and washed with media. Cell
pellets were collected and the lipid fraction extracted with chloroform/methanol
2:1 containing 100 ppm BHT and cholestane as an internal standard at room tem-
perature. The extraction and GC/MS procedures were performed as described above.
The percentage of intracellular oxysterol was shown relative to the level of oxysterol
added in media before treatment.

2.7. Detection of apoptotic cells with flow cytometry using annexin V and
propidium iodide (PI) staining

106 cells were seeded in 100 mm culture dishes overnight. Cells were then
treated with Triol and 3K4 at designated concentrations for 48 h, trypsinized and
washed with ice-cold PBS. Cell pellets were resuspended in 100 w.l annexin-V-FLUOS
labeling solution (Roche, Penzberg, Germany) and incubated at room temperature
for 15 min. At least 10,000 cells were counted and analyzed with a flow cytometer
(Cytomic FC500, Beckman Coulter, USA).

2.8. DNA fragmentation assay

Briefly, 106 cells were lysed twice with 1 ml lysis buffer (1% (w/v) Triton X-
100, 0.32 M saccharose, 5mM MgCl,, 10 mM Tris-HCl) and centrifuged for 20s at
10,000 x g. Cell pellets were collected and treated with 200 w1 of enzyme reaction
solution (1% (w/v) SDS, 5mM EDTA-Na,, 10 mM Tris-HCl) and 8 .l of 1 mg/ml of
RNaseA for 20 min at 37 °C. Subsequently, 10 .l of 10 mg/ml Proteinase K was added
to the sample and incubated for 1 hat 37 °C. Then, 300 .l of 7.6 M Nal solution (7.6 M
Nal, 20 mM EDTA-Na,, 40 mM Tris-HCl) and 500 w.! of isopropanol were added to
the sample. After centrifugation, the pellet was mixed with 40% isopropanol, washed
with 70% ethanol and centrifuged. The pellet was dried and resuspended with 100 .l
of TE buffer (10 mM Tris-HCl and 1 mM EDTA) and loaded onto 1% agarose gel in 1x
TBE buffer (89 mM Tris-base, 89 mM boric acid, and 2 mM EDTA). Electrophoresis
was done at 50V for 1 h and the gel then stained with ethidium bromide for 15 min.
Visualization was by Imagequant 400 (GE Healthcare Bio-Science, UK).

2.9. Western blot analysis

Cells were treated with 30 wM Triol or 80 wM 3K4 for 3, 6, 12, 18 and 24h
then 30 g of whole cell lysate protein was separated by 10% SDS-polyacrylamide
electrophoresis and blotted to PVDF membrane (GE Healthcare Bio-Science, UK).
Blots were probed with 1:100 goat anti-Bax antibody (BD Biosciences, USA), 1:100
rabbit anti-Bcl-2 (C21) antibody (Santa Cruz Biotechnology, USA), 1:2000 mouse
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Fig. 1. (A) Representative figures of inflammatory response in livers of control group (a), NDMA-treated group (b), Ov-treated group (c), and Ov plus NDMA-treated group
(d) at week 3; whereas (e) and (f) are Ov- and Ov plus NDMA-treated groups at week 24, respectively. Ov indicates localization of O. viverrini. Original magnifications 20x.
Levels of hepatic Triol (B) and 3K4 (C) in liver of Ov-treated hamsters with (d) or without (b) NDMA treatment, NDMA treatment (c) and untreated control (a). Kruskal-Wallis
one way analysis was used to test for differences in each treatment group. *Significant (P<0.05) for each treatment group versus untreated control.

anti-cytochrome c antibody (Santa Cruz Biotechnology, USA), or 1:2000 rabbit anti-
glyceraldehydes 3-phosphate dehydrogenase (GAPDH) antibody (Invitrogen, CA,
USA). Detection was performed using a chemiluminescence western blotting sys-
tem (ECL, GE Healthcare Bio-Science, UK). Signals were analyzed using Imagequant
400 (GE Healthcare Bio-Science, UK) and quantified using Imagequant TL v2005 (GE
Healthcare Bio-Science, UK).

2.10. Immunocytochemical detection of DNA adducts

Staining of DNA adducts including edA, edC and 8-oxodG was performed as
previously described [32]. Briefly, MMNK-1 cells were treated with Triol or 3K4 at
the designated concentrations in slide chambers (Lab-Tek Il chamber slide, Nalgene
Nunc, USA). Slides were fixed with acetone for 10 min at —20°C, then dipped in PBS
for 10 min and the endogenous peroxidases quenched with 0.3% H,0, in absolute
methanol for 10 min. Slides were incubated in 5 p.g/ml proteinase K in double dis-
tilled H,O at room temperature for 10 min then washed with PBS and incubated
with 10 pg/ml RNaseA in 50 mM Tris-base (heated for 10 min at 80 °C before use) at
37°C for 30 min and washed with PBS. Slides were treated with 1.5 N HCl for 5 min at
room temperature, rinsed with PBS and double distilled water. The pH was neutral-
ized with 50 mM Tris-base (pH 7.4) at room temperature then washed with double
distilled water and PBS. Non-specific binding sites were blocked with 10% skim milk
(w/v),0.05% Tween-20 (v/v)and 0.05% Triton X-100 (v/v) for 20 min at room temper-
ature. Slides were incubated with primary monoclonal antibody EM-A-1 against edA
and EMC-1 against edC at 1:10 dilution, and primary monoclonal antibody 8-oxo-dG
at 1:200 dilution at 4 °C overnight. Detection of edA and edC was by incubation with
anti-mouse Envision system conjugated with HRP (Dako, Glostrup, Denmark). For
8-0x0-dG detection, slides were incubated with rabbit anti-mouse (1:400 in PBS)
for 3 h. Visualization was with DAB. After stopping the reaction, counterstaining
was performed with hematoxylin. Slides were dehydrated by increasing the con-
centration of ethanol and mounted with Kaiser’s glycerin. Results were analyzed by
counting more than 500 cells.

2.11. Statistical analysis

The results were presented as a mean 4 SD for at least three individual exper-
iments. The level of oxysterols in hamster tissue was statistically analyzed using

Kruskal-Wallis one-way analysis. Other data were compared using Student’s t-test.
P-value <0.05 was considered statistically significant.

3. Results
3.1. Oxysterol levels in Ov-induced CCA hamster liver

Histopathological changes in hamster liver tissues are shown in
Fig. 1A. There was no pathological change observed in the control
group, whereas the livers of the NDMA-treated group developed
mild periductal inflammation and a low degree of bile ductule
proliferation and cholangiofibrosis, which was seen at week 12.
In the Ov-treated group, the early pathological changes consisted
of acute inflammatory changes observed around the bile ducts
where liver flukes reside. The highest degree of inflammation was
observed at week 3. As liver flukes developed into adult worms,
they induced hyperplasia of the bile duct epithelia. In the chronic
phase, adecrease in the number of inflammatory cells and the thick-
ness of fibrosis were observed. In the Ov plus NDMA-treated group,
most of the liver alterations were similar to those found in the
Ov infected alone group, with the exception of a greater degree
of inflammation. In addition, cholangiocarcinoma was observed at
week 24, withinflammatory cells still observed in areas with tumor.
Alterations in Triol and 3K4 levels during cholangiocarcinogenesis
in hamsters are shown in Fig. 1B and C, respectively. Besides 3K4
and Triol, several other oxysterols were found in hamster livers,
specifically 7KD, 3K7 and 3KD. There were no significant changes in
these oxysterols in all treatment groups and time points compared
to control (data not shown). The increase in both Triol and 3K4
levels in hamster livers were observed in the Ov infected-group.
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Fig. 2. (A) Cytotoxic effects of Triol and 3K4 on the induction of MMNK-1 cell death.
MMNK-1 cells were cultured with Triol and 3K4 at the designated concentrations
ranging from 1 to 100 wM in 0.5% ethanol. After 48 h, the cellular proteins of viable
cells were measured using the sulforhodamine B assay. Values are expressed as
the mean + standard deviation of percentage of control cells incubated with 0.5%
ethanol for three individual experiments. (B) Oxysterol uptake was analyzed by
GC/MS at 0, 3, 6, 12, 24, 48 h after treatment with 20 wM Triol and 20 wM 3K4. The
histograms are expressed as a percentage of the total amount of oxysterol added to
the incubation medium. Significantly higher levels of intracellular Triol compared
to 3K4 were found at 6, 12 and 24 h of incubation. Standard deviations were cal-
culated from three individual experiments. *Significantly (P<0.05) higher level of
Triol compared to 3K4.

Notably, significantly increasing levels of 3K4 in the Ov infected-
group were found at week 3 (P<0.05 versus control). In the NDMA
group, the levels of Triol and 3K4 were low and no significant differ-
ences were seen compared to the control group at all time points.
Levels of Triol in the Ov plus NDMA group were statistically signif-
icantly higher than those in the control group (P<0.05) from week
1 until week 24 after treatment. Moreover, levels of 3K4 tended to
be higher at week 1 and 2, although these differences did not reach
statistical significance. Increasing levels of 3K4 were found at week
3, 4, 12 and 24 (P<0.05 versus control). Increased levels of oxys-
terols in Ov plus NDMA-treated hamsters were observed at an early
stage of carcinogenesis (week 4) until tumor was developed (week
24). We therefore selected Triol and 3K4 for further studies aimed
at identifying molecular mechanisms involved in the development
of CCA using in vitro methods.

3.2. Effects of Triol and 3K4 on MMNK-1 cholangiocytes

The effects of Triol and 3K4 on MMNK-1 cell survival were stud-
ied. Oxysterols were added to cells at concentrations ranging from
1 to 100 wM for 48 h. Fig. 2A shows the effects of Triol and 3K4 on
the induction of cell death, which occurred in a dose-dependent
manner. The concentrations at which Triol and 3K4 inhibited cell
growth to 50% of control (ICs¢) were 27.5+3.0 and 63.3 +5.8 wM,
respectively. Triol had a greater inhibitory effect on cell growth

than did 3K4. We therefore used higher concentrations of 3K4 than
Triol in subsequent experiments.

3.3. Time course of oxysterol uptake

Intracellular oxysterol uptake by MMNK-1 cells (Fig. 2B) was
determined by GC/MS. Low level uptake of Triol and 3K4 was found
at 3h after treatment (4.2% and 2.8% of levels in media, respec-
tively). Mean Triol uptake was 9.5%, 13.7%, 19% and 22%, whereas
mean 3K4 uptake was 5%, 6.6%, 10.1% and 16.3% of the total amount
added at 6, 12, 24, 48 h, respectively. Notably, higher Triol uptake
was seen when compared to 3K4 (P<0.05).

3.4. Triol and 3K4 induce MMNK-1 cell apoptosis

We next investigated the mechanism of oxysterol-induced
MMNK-1 cell death using flow cytometry. Cells were treated with
10, 20, 30 and 40 uM Triol, or 10, 20, 40, 80 M 3K4 for 48 h.
Oxysterol-treated cells were stained with annexin V and PI and
then analyzed by flow cytometry. Fig. 3 shows the effects of Triol
and 3K4 on the induction of MNNK-1 cell apoptosis. Increasing
numbers of apoptotic cells (as determined by annexin V*/PI~ and
annexin V*/PI*) were observed with increasing concentrations of
Triol and 3K4. Significant numbers of apoptotic cells were found fol-
lowing treatment with 30 and 40 .M Triol compared to the control
(P<0.05). However, only 80 ..M 3K4 induced significant apoptosis
(P<0.05).

We further clarified the effect of oxysterols on the induc-
tion of apoptosis using a DNA fragmentation technique involving
agarose gel electrophoresis. Cells were treated with Triol and 3K4
at the designated concentrations for 48 h then DNA was extracted.
Oligonucleosomal cleavage was moderately and maximally ele-
vated following treatment with 30 and 40 wM Triol, respectively
(Fig. 4A). In contrast, treatment with 40 wM 3K4 slightly increased
DNA fragmentation. A marked increase in DNA laddering was found
when cells were treated with 80 uM 3K4 (Fig. 4B).

3.5. Activation of apoptosis-related proteins by Triol and 3K4

To investigate the molecular pathways of apoptosis induced
by Triol and 3K4, we identified the induction of apoptosis-related
proteins in MMNK-1 cells using western blot analysis. Cells were
treated with 30 wM Triol or 80 M 3K4 and proteins were extracted
at 0, 3, 6, 12, 18 and 24 h. Fig. 5 shows the effects of Triol or 3K4
on cytochrome c release, activation of Bax and inhibition of Bcl-2.
There was gradual release of cytochrome cin Triol- and 3K4-treated
cells (Fig. 5A and B, respectively). Increasing levels of Bax were
found in both Triol and 3K4-treated cells. Conversely, decreasing
levels of Bcl-2 were found in Triol- and 3K4-treated cells. Thus,
both Triol- and 3K4-induced apoptosis involve mitochondrial-
dependent mechanisms.

3.6. Triol and 3K4 induce DNA damage in MMNK-1 cells

We investigated the effects of Triol and 3K4 on the induction
of DNA damage using immunocytochemistry. DNA adducts were
detected at 48 h after incubation. We used specific monoclonal anti-
bodies against etheno-DNA base adducts called EMA-1 and EM-C-1
raised against edA and £dC, respectively. A specific antibody against
the free radical-derived DNA adduct, 8-oxodG, was also used.

Fig. 6 shows staining for edA, edC and 8-oxodG induced by
Triol. The stains for these DNA adducts were located in the nuclei
of MMNK cells by hematoxylin staining. No staining for edA and
edC was observed in control groups. Significant increases in £dA,
&dC and 8-o0xodG levels were found when cells were treated with
low concentrations of Triol (10 wM) (P<0.05) compared to control
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groups (Fig. 8A). Beyond these concentrations of Triol (10-30 wM),
DNA adduct formation gradually increased.

Staining for edA, edC and 8-oxodG was also found in 3K4-
treated cells (Fig. 7). Small numbers of positive cells were found
in control groups. We found 20 wM and 30 uM 3K4 significantly
increased the levels of edA and edC (P<0.05). The lowest con-
centration of 3K4 (10 wM) significantly increased the level of
8-0x0dG (P<0.05) as shown in Fig. 8B. Thus, both Triol and 3K4
increased the formation of edA, dC and 8-oxodG in MMNK-1
cells.

A Triol (uM)

DNA
ladder control 10 20 30 40

4. Discussion

The discovery of increased expression of oxysterol-binding pro-
teins in hamsters with Ov-induced CCA [22] led us to hypothesize
that oxysterols participate in the processes that initiate and pro-
mote the development of malignancy in the biliary epithelium.
We first analyzed oxysterols in the livers of hamsters induced to
develop Ov-associated CCA. Five oxysterols were identified: 7KD,
3K4, 3K7, 3KD and Triol; these oxysterols were found in both nor-
mal liver and tumor tissues. Notably, only Triol and 3K4 showed

B 3K4 (uM)

DNA
ladder control 10 20 40 80

Fig. 4. DNA fragmentation in Triol (A)- and 3K4 (B)-induced MMNK-1 cell apoptosis analyzed by 1% agarose gel electrophoresis. Cells were treated with 10-40 wM Triol and
10-80 M 3K4 for 48 h. First lanes were 100 bp DNA ladder. 0.5% ethanol-treated cells were used as control.
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significantly increased levels in tumor tissue compared to normal
liver. A previous study reported that the same two oxysterols were
present in hepatic bile of patients with biliary tract disease and pig-
ment gallstones, with their levels correlating with serum C-reactive
protein levels [26]. 7KD and 3KD were also found in higher levels in
human gallstones [25]. We propose that Triol and 3K4 are involved
in inflammation-associated diseases in the biliary tract, includ-
ing Ov-induced CCA. The histopathological changes in livers of
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Fig. 8. Bar graph comparisons of % nuclei positive for DNA adducts induced by Triol
(A) and 3K4 (B) in MMNK-1 cells. *P<0.05 versus controls.

treated hamsters are similar to those described in previous reports
[28,33]. There were no significant histological changes in untreated
hamsters at any time point examined, whereas mild degrees of
inflammation were observed in the livers of hamsters treated solely
with NDMA. The histological changes in both untreated and NDMA-
treated groups corresponded to oxysterols levels in our experiment.
There were no significant differences in oxysterol levels between
untreated and NDMA-treated groups. Nevertheless, the inflamma-
tory response corresponded to the accumulation of inflammatory
cells in Ov-treated hamsters. The highest numbers of inflamma-
tory cells were observed at week 3 and markedly decreased from
week 8 until week 24 [29,34]. There was no significant difference
in Triol levels between Ov-treated hamsters and the control group.
Notably, significantly increased levels of 3K4 were seen at week
3 compared to the control group. In Ov plus NDMA-treated ham-
sters, abundant inflammatory cells were detected at week 3. In the
chronic phase, decreased inflammatory cells were observed [28].
However, accumulation of mononuclear cells and lymphoid folli-
cles were also reported. The most prominent histological changes at
these time points were periductal fibrosis, ductal dilation and gran-
ulomatous inflammation [33]. Along with rising levels of oxysterols
in the Ov plus NDMA group, production of Triol and 3K4 showed
an upward trend in the acute phase (week 1-week 3 after treat-
ment). However, high levels of both Triol and 3K4 were found in the
chronic phase when decreased inflammation was reported. Thus,
we postulated that oxysterols may be involved in the inflammatory
process but the level of oxysterols may not correlate linearly with
the degree of inflammation.

We studied the role of Triol and 3K4 on induction of
cholangiocarcinogenesis using the immortalized human MMNK-
1 cholangiocyte line. Both Triol and 3K4 induced cell death in a
dose-dependent manner, although the doses at which cell death
was induced differed. The difference in IC5g between Triol and 3K4
may be explained by their structures. We also determined the time
course of oxysterol incorporation into MMNK-1 cells. As shown in
Fig. 2B, we found higher accumulation of Triol than 3K4 in MMNK-1
cells. We propose that the cytotoxic effect of oxysterols may relate
to different rates of cellular uptake as determined by oxysterol
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structure. Insertion of Triol (which is more polarized than 3K4)
into cell membranes could more readily cause defects in membrane
structure and packing, resulting in increased membrane permeabil-
ity and membrane dysfunction [35-37]. Moreover, differences in
oxysterol metabolism may alter cytoplasmic oxysterol levels that
could in turn influence its cytotoxicity.

Concentrations of oxysterols used in our studies (1-100 M)
were of the same order of magnitude used in previous studies
[38,39]. There is little information regarding oxysterol concentra-
tions in various organ systems in vivo. Triol in human hepatic
bile ranged from 18 to 387nM [38], and 3K4 in gallbladder
bile ranged from 218 to 1074 parts per million [25]. Concentra-
tions of oxysterols in our study were higher. We justify the use
of higher concentrations because under pathological conditions
such as inflammation, the production of oxysterols is markedly
increased through non-enzymatic reactions involving ROS/RNS [4].
This is supported by data from Haigh et al. who showed that infec-
tion and inflammation can lead to oxysterol production, including
species known to be carcinogenic [26]. Secondly, cholangiocytes
are exposed to bile containing oxysterols over a long time course
in the setting of chronic inflammation induced by Ov infection. Such
long term, low dose experiments would not be feasible in a labo-
ratory setting, hence the need to accelerate and amplify the effects
of oxysterols with higher doses.

Several studies have described the mechanisms of oxysterol-
induced apoptosis in different cell systems and models, including
neurons, gallbladder epithelial cells, colon adenocarcinoma cells,
monocytes and hepatoma cells [15,40-42]. No previously reported
study used human cholangiocytes. We also elucidated the mech-
anisms by which oxysterols induced cell death in MMNK-1
cells. Both Triol and 3K4-treated cells exhibited increasing lev-
els of apoptosis with increasing concentrations of oxysterols. The
apoptosis-inducing effects of Triol and 3K4 were confirmed by DNA
fragmentation analysis. Both Triol and 3K4 induced formation of
DNA ladders. Activation of Bax, a pro-apoptotic protein was found
in Triol and 3K4-treated cells. We also found decreasing levels of
the anti-apoptotic protein, Bcl-2, along with enhanced cytochrome
c release. These results indicate that Triol and 3K4 triggered apo-
ptosis via mitochondria-dependent mechanisms: activated Bax
interacting with Bcl-2 resulting in Bcl-2 inactivation, followed by
the disruption of mitochondrial membrane permeability resulting
in cytochrome c release, activation of caspase proteins, and degra-
dation of DNA.

DNA damage is theorized to be the mechanism by which
chronic inflammation induced by Ov infection leads to cancer.

Overproduction of ROS and RNS generates DNA adducts. For
example, 8-0xodG and 8-nitroguanine were found in bile duct
epithelia of Ov-infected hamsters [43]. Higher 8-0xo0dG levels were
reported in Ov-infected patients compared to healthy subjects [44].
Ov-infected patients were found to have the lipid peroxidation
(LPO)-derived etheno-DNA adducts edA and edC in white blood cell
DNA and urine [45,46]. Accumulation of these etheno-DNA adducts
correlated with cancer development in hamster bile ducts [28].
Based on this body of evidence, we decided to investigate whether
Triol and 3K4 can induce DNA damage. We found that Triol triggers
a significant increase in the production of edA, edC and 8-0xodG
even at low concentrations (e.g. 10 wuM). edA, edC and 8-oxodG
were also induced by 3K4 but at higher concentrations (e.g. 20 M)
than Triol.

Effects of oxysterols on oxidative DNA damage have been
described in human monocytic leukemia cells. 7-ketocholesterol
and 7p3-hydroxycholesterol, found at high levels in atherosclerotic
lesions, induced 8-0xodG formation in U937 cells [47]. Oxysterols
induced lipid peroxidation through increased malondialdehyde
and 4-hydroxynonenal levels [47]. Triol also induced chromoso-
mal aberrations and ROS in Chinese hamster ovary cells [18]. Based
on these previously published data and our results, we propose
that oxysterols are not only directly involved in the production of
free radical-derived DNA adducts through the induction of ROS/RNS
[15,18,20,48], but can also induce the formation of LPO-derived
DNA adducts [47,48].

Thus, the proposed mechanisms whereby oxysterols induce
apoptosis involve oxidation and inflammation [49,50]. Pro-
apoptotic effects of oxysterols involve overproduction of free
radicals [21]. Oxysterols increase intracellular ROS levels by induc-
ing NADPH oxidase [15,51]. Oxysterol-induced ROS decrease
transmembrane mitochondrial potential and intracellular levels
of antioxidants such as glutathione [49]. Reduction of glutathione
with corresponding overproduction of ROS leads to caspase activa-
tion [21]. Oxysterols that activate nuclear factor kappa B through
ROS-mediated mechanisms enhance pro-inflammatory cytokines
such as IL-18 and IL-8 [20,21,52], leading to the recruitment of
immunocompetent cells [53].

Persistent production of pro-oxidative molecules such as
ROS/RNS induced by oxysterols [47,49] perturb cellular stress
responses. ROS/RNS and nitric oxide can impair DNA repair and
inhibit apoptosis [54,55]. Excess nitric oxide may play an impor-
tant role in cholangiocarcinogenesis [23]. Apoptosis induction by
oxysterols may stimulate some cells to become resistant to apopto-
sis and thereby enhance the carcinogenic process. This could occur
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when DNA repair systems or apoptosis are not sufficient to counter-
actit. The imbalance of DNA repair mechanisms was proposed to be
an important mechanism in DNA damage-enhanced carcinogene-
sis [28,56]. Thus, oxysterol-induced impairments in the DNA repair
system needs further investigation. Low concentrations (10 wM of
Triol and 3K4) of oxysterols induce high levels of DNA-adducts but
low cell death (Figs. 2A and 8), supporting the concept that certain
cells may become resistant to apoptosis. Chronic exposure of bil-
iary epithelial cells to pathogenic oxysterols may allow selective
growth of apoptosis-resistant cells. This hypothesis has been pre-
viously described in bile acid-induced gastrointestinal cancer [57].
Long-term exposure to bile acids allowed selected cells to become
resistant to apoptosis in vitro and in vivo [58,59].

Other concurrent causes may enhance cholangiocarcinogene-
sis. Increased production of proinflammatory cytokines such as
IL-1, IL-6 and TNF alpha; and oxidative stress response enzymes
such as COX-2 and free radical molecules, may disturb the balance
of oxidant/anti-oxidant molecules and DNA repair mechanisms
leading to enhanced survival [60]. Moreover, fibrosis caused by
dysregulation of tissue repair in chronic inflammation may affect
normal cell function leading to enhanced survival [61,62].

In conclusion, we identified the oxysterols Triol and 3K4 as
potential mediators of cholangiocarcinogenesis. Triol and 3K4
induced cell apoptosis via mitochondrial-dependent mechanisms.
Triol and 3K4 induced DNA damage in MMNK-1 cells. We pro-
pose that chronic liver fluke infection increases the production of
ROS/RNS in the setting of chronic inflammation in the biliary sys-
tem, leading to the formation of oxysterols via oxidation of biliary
cholesterol. Oxysterols and free radicals can induce DNA damage.
Damaged biliary epithelial cells are eliminated through induction
of apoptosis. Ineffective DNA repair and ongoing exposure to DNA
damaging agents select for resistant cells that clonally expand to
become malignant (Fig. 9).

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Acknowledgements

This study was supported by the Thailand Research Fund
through the Royal Golden Jubilee Ph.D. Program (Grant no.
PHD/0177/2549) to AJ and PY, Thailand Research Fund through
Window II (BRG 5280020), and NIH grant CA114403 to SPL and RK.
We thank Dr. Naoya Kobayashi (Department of Surgery, Okayama
University Graduate School of Medicine and Dentistry, Okayama,
Japan) for kindly giving us the MMNK-1 cell line.

References

[1] F. Guardiola, R. Codony, P.B. Addis, M. Rafecas, ]. Boatella, Biological effects of
oxysterols: current status, Food Chem. Toxicol. 34 (1996) 193-211.

[2] L.L. Smith, Cholesterol autoxidation 1981-1986, Chem. Phys. Lipids 44 (1987)
87-125.

[3] D.W. Russell, Oxysterol biosynthetic enzymes, Biochim. Biophys. Acta 1529
(2000) 126-135.

[4] AJ. Brown, W. Jessup, Oxysterols: sources, cellular storage and metabolism,
and new insights into their roles in cholesterol homeostasis, Mol. Aspects Med.
30(2009) 111-122.

[5] AJ. Brown, W. Jessup, Oxysterols and atherosclerosis, Atherosclerosis 142
(1999) 1-28.

[6] GJ.Schroepfer Jr., Oxysterols: modulators of cholesterol metabolism and other
processes, Physiol. Rev. 80 (2000) 361-554.

[7] 1 Bjorkhem, Do oxysterols control cholesterol homeostasis? J. Clin. Invest. 110
(2002) 725-730.

[8] H. Kolsch, D. Lutjohann, K. von Bergmann, R. Heun, The role of 24S-
hydroxycholesterol in Alzheimer’s disease, J. Nutr. Health Aging 7 (2003)
37-41.

[9] H. Liy, L. Yuan, S. Xu, K. Wang, T. Zhang, Cholestane-3beta,5alpha, 6beta-triol
inhibits osteoblastic differentiation and promotes apoptosis of rat bone mar-
row stromal cells, ]. Cell. Biochem. 96 (2005) 198-208.

[10] F. Bischoff, Carcinogenic effects of steroids, Adv. Lipid Res. 7 (1969) 165-244.

[11] F. Biasi, C. Mascia, G. Poli, The contribution of animal fat oxidation products to
colon carcinogenesis, through modulation of TGF-beta1 signaling, Carcinogen-
esis 29 (2008) 890-894.

[12] ]. Silva, A. Beckedorf, E. Bieberich, Osteoblast-derived oxysterol is a migration-
inducing factor for human breast cancer cells, J. Biol. Chem. 278 (2003)
25376-25385.

[13] F. Bischoff, Cocarcinogenic activity of cholesterol oxidation products and
sesame oil, J. Natl. Cancer Inst. 19 (1957) 977-987.

[14] J. Linseisen, G. Wolfram, A.B. Miller, Plasma 7beta-hydroxycholesterol as a
possible predictor of lung cancer risk, Cancer Epidemiol. Biomarkers Prev. 11
(2002) 1630-1637.

[15] F.Biasi, C. Mascia, M. Astegiano, E. Chiarpotto, M. Nano, B. Vizio, G. Leonarduzzi,
G. Poli, Pro-oxidant and proapoptotic effects of cholesterol oxidation prod-
ucts on human colonic epithelial cells: a potential mechanism of inflammatory
bowel disease progression, Free Radic. Biol. Med. 47 (2009) 1731-1741.

[16] J.H. Yoon, A.E. Canbay, N.W. Werneburg, S.P. Lee, GJ. Gores, Oxysterols induce
cyclooxygenase-2 expression in cholangiocytes: implications for biliary tract
carcinogenesis, Hepatology 39 (2004) 732-738.

[17] A. Jusakul, P. Yongvanit, W. Loilome, N. Namwat, R. Kuver, Mechanisms of
oxysterol-induced carcinogenesis, Lipids Health Dis. 10 (2011) 44.

[18] Y.W. Cheng, ]J. Kang, Y.L. Shih, Y.L. Lo, C.F. Wang, Cholesterol-3-beta,5-alpha,
6-beta-triol induced genotoxicity through reactive oxygen species formation,
Food Chem. Toxicol. 43 (2005) 617-622.

[19] A.L. Gramajo, L.C. Zacharias, A. Neekhra, S. Luthra, S.R. Atilano, M. Chwa, D.J.
Brown, B.D. Kuppermann, M.C. Kenney, Mitochondrial DNA damage induced
by 7-ketocholesterol in human retinal pigment epithelial cells in vitro, Invest.
Ophthalmol. Vis. Sci. 51 (2010) 1164-1170.

[20] S. Lemaire-Ewing, C. Prunet, T. Montange, A. Vejux, A. Berthier, G. Bessede, L.
Corcos, P. Gambert, D. Neel, G. Lizard, Comparison of the cytotoxic, pro-oxidant
and pro-inflammatory characteristics of different oxysterols, Cell Biol. Toxicol.
21(2005) 97-114.

[21] G. Lizard, S. Gueldry, O. Sordet, S. Monier, A. Athias, C. Miguet, G. Bessede,
S. Lemaire, E. Solary, P. Gambert, Glutathione is implied in the control of 7-
ketocholesterol-induced apoptosis, which is associated with radical oxygen
species production, FASEB J. 12 (1998) 1651-1663.

[22] W. Loilome, P. Yongvanit, C. Wongkham, N. Tepsiri, B. Sripa, P. Sithithaworn,
S. Hanai, M. Miwa, Altered gene expression in Opisthorchis viverrini-associated
cholangiocarcinoma in hamster model, Mol. Carcinog. 45 (2006) 279-287.

[23] S. Pinlaor, Y. Hiraku, N. Ma, P. Yongvanit, R. Semba, S. Oikawa, M. Murata, B.
Sripa, P. Sithithaworn, S. Kawanishi, Mechanism of NO-mediated oxidative
and nitrative DNA damage in hamsters infected with Opisthorchis viverrini:
a model of inflammation-mediated carcinogenesis, Nitric Oxide 11 (2004)
175-183.

[24] S. Pinlaor, P. Yongvanit, Y. Hiraku, N. Ma, R. Semba, S. Oikawa, M. Murata, B.
Sripa, P. Sithithaworn, S. Kawanishi, 8-Nitroguanine formation in the liver of
hamsters infected with Opisthorchis viverrini, Biochem. Biophys. Res. Commun.
309 (2003) 567-571.

[25] T. Yoshida, Y. Matsuzaki, W.G. Haigh, S. Fukushima, K. Ikezawa, N. Tanaka, S.P.
Lee, Origin of oxysterols in hepatic bile of patients with biliary infection, Am. J.
Gastroenterol. 98 (2003) 2275-2280.

[26] W.G. Haigh, T. Wong, S.P. Lee, The production of oxysterols in bile by activated
human leukocytes, Biochem. Biophys. Res. Commun. 343 (2006) 467-469.

[27] G.Eberle, A. Barbin, RJ. Laib, F. Ciroussel, J. Thomale, H. Bartsch, M.F. Rajewsky,
1,N6-Etheno-2'-deoxyadenosine and 3,N*-etheno-2'-deoxycytidine detected
by monoclonal antibodies in lung and liver DNA of rats exposed to vinyl chlo-
ride, Carcinogenesis 10 (1989) 209-212.

[28] S. Dechakhamphu, S. Pinlaor, P. Sitthithaworn, H. Bartsch, P. Yongvanit, Accu-
mulation of miscoding etheno-DNA adducts and highly expressed DNA repair
during liver fluke-induced cholangiocarcinogenesis in hamsters, Mutat. Res.
691 (2010) 9-16.

[29] B. Sripa, S. Kaewkes, Localisation of parasite antigens and inflammatory
responses in experimental opisthorchiasis, Int. J. Parasitol. 30 (2000) 735-740.

[30] W.G. Haigh, S.P. Lee, Identification of oxysterols in human bile and pigment
gallstones, Gastroenterology 121 (2001) 118-123.

[31] N. Namwat, P. Amimanan, W. Loilome, P. Jearanaikoon, B. Sripa, V. Bhud-
hisawasdi, W. Tassaneeyakul, Characterization of 5-fluorouracil-resistant
cholangiocarcinoma cell lines, Chemotherapy 54 (2008) 343-351.

[32] Y. Wang, G. Millonig, J. Nair, E. Patsenker, F. Stickel, S. Mueller, H. Bartsch, H.K.
Seitz, Ethanol-induced cytochrome P4502E1 causes carcinogenic etheno-DNA
lesions in alcoholic liver disease, Hepatology 50 (2009) 453-461.

[33] W. Thamavit, N. Bhamarapravati, S. Saphaphong, S. Vajrasthira, S. Angsub-
hakorn, Effects of dimethylnitrosamine on induction of cholangiocarcinoma in
Opisthorchis viverrini-infected Syrian golden hamsters, Cancer Res. 38 (1978)
4634-4639.

[34] S. Pinlaor, B. Sripa, P. Sithithaworn, P. Yongvanit, Hepatobiliary changes, anti-
body response, and alteration of liver enzymes in hamsters re-infected with
Opisthorchis viverrini, Exp. Parasitol. 108 (2004) 32-39.

[35] ]J.B. Massey, H.J. Pownall, Structures of biologically active oxysterols determine
their differential effects on phospholipid membranes, Biochemistry 45 (2006)
10747-10758.

[36] V.M. Olkkonen, R. Hynynen, Interactions of oxysterols with membranes and
proteins, Mol. Aspects Med. 30 (2009) 123-133.



A. Jusakul et al. / Mutation Research 731 (2012) 48-57 57

[37] B. Luu, C. Moog, Oxysterols: biological activities and physicochemical studies,
Biochimie 73 (1991) 1317-1320.

[38] T.Yoshida, J.H. Klinkspoor, R. Kuver, S.P. Wrenn, E.W. Kaler, S.P. Lee, Cholestan-
3beta,5alpha,6beta-triol, but not 7-ketocholesterol, suppresses taurocholate-
induced mucin secretion by cultured dog gallbladder epithelial cells, FEBS Lett.
478 (2000) 113-118.

[39] T. Yoshida, J.H. Klinkspoor, R. Kuver, M. Poot, P.S. Rabinovitch, S.P. Wrenn,
E.W. Kaler, S.P. Lee, Effects of bile salts on cholestan-3beta, 5alpha, 6beta-triol-
induced apoptosis in dog gallbladder epithelial cells, Biochim. Biophys. Acta
1530 (2001) 199-208.

[40] ER.]Jang, CS. Lee, 7-Ketocholesterol induces apoptosis in differentiated PC12
cells via reactive oxygen species-dependent activation of NF-kappaB and Akt
pathways, Neurochem. Int. 58 (2011) 52-59.

[41] D.W. Seo, H.S. Choi, S.P. Lee, R. Kuver, Oxysterols from human bile induce apo-
ptosis of canine gallbladder epithelial cells in monolayer culture, Am. . Physiol.
Gastrointest. Liver Physiol. 287 (2004) G1247-G1256.

[42] Y.C.O’Callaghan,].A.Woods, N.M. O'Brien, Oxysterol-induced cell death in U937
and HepG2 cells at reduced and normal serum concentrations, Eur. J. Nutr. 38
(1999) 255-262.

[43] S. Pinlaor, B. Sripa, N. Ma, Y. Hiraku, P. Yongvanit, S. Wongkham, C. Pairojkul,
V. Bhudhisawasdi, S. Oikawa, M. Murata, R. Semba, S. Kawanishi, Nitrative and
oxidative DNA damage in intrahepatic cholangiocarcinoma patients in relation
to tumor invasion, World J. Gastroenterol. 11 (2005) 4644-4649.

[44] R.Thanan, M. Murata, S. Pinlaor, P. Sithithaworn, N. Khuntikeo, W. Tangkanakul,
Y. Hiraku, S. Oikawa, P. Yongvanit, S. Kawanishi, Urinary 8-oxo-7,8-dihydro-2’'-
deoxyguanosine in patients with parasite infection and effect of antiparasitic
drug in relation to cholangiocarcinogenesis, Cancer Epidemiol. Biomarkers
Prev. 17 (2008) 518-524.

[45] S. Dechakhamphu, S. Pinlaor, P. Sitthithaworn, J. Nair, H. Bartsch, P. Yongvanit,
Lipid peroxidation and etheno DNA adducts in white blood cells of liver fluke-
infected patients: protection by plasma alpha-tocopherol and praziquantel,
Cancer Epidemiol. Biomarkers Prev. 19 (2010) 310-318.

[46] S. Dechakhamphu, P. Yongvanit, J. Nair, S. Pinlaor, P. Sitthithaworn, H. Bartsch,
High excretion of etheno adducts in liver fluke-infected patients: protection
by praziquantel against DNA damage, Cancer Epidemiol. Biomarkers Prev. 17
(2008) 1658-1664.

[47] S.Monier, M. Samadi, C. Prunet, M. Denance, A. Laubriet, A. Athias, A. Berthier, E.
Steinmetz, G.Jurgens, A. Negre-Salvayre, G. Bessede, S. Lemaire-Ewing, D. Neel,
P. Gambert, G. Lizard, Impairment of the cytotoxic and oxidative activities of
7 beta-hydroxycholesterol and 7-ketocholesterol by esterification with oleate,
Biochem. Biophys. Res. Commun. 303 (2003) 814-824.

[48] H. Liu, T. Wang, K. Huang, Cholestane-3beta,5alpha, 6beta-triol-induced reac-
tive oxygen species production promotes mitochondrial dysfunctioninisolated
mice liver mitochondria, Chem. Biol. Interact. 179 (2009) 81-87.

[49] A.Vejux,L.Malvitte, G. Lizard, Side effects of oxysterols: cytotoxicity, oxidation,
inflammation, and phospholipidosis, Braz. ]. Med. Biol. Res. 41 (2008) 545-556.

[50] A. Vejux, G. Lizard, Cytotoxic effects of oxysterols associated with human
diseases: induction of cell death (apoptosis and/or oncosis), oxidative and

inflammatory activities, and phospholipidosis, Mol. Aspects Med. 30 (2009)
153-170.

[51] E. Pedruzzi, C. Guichard, V. Ollivier, F. Driss, M. Fay, C. Prunet, J.C. Marie,
C. Pouzet, M. Samadi, C. Elbim, Y. O'Dowd, M. Bens, A. Vandewalle, M.A.
Gougerot-Pocidalo, G. Lizard, E. Ogier-Denis, NAD(P)H oxidase Nox-4 medi-
ates 7-ketocholesterol-induced endoplasmic reticulum stress and apoptosis in
human aortic smooth muscle cells, Mol. Cell. Biol. 24 (2004) 10703-10717.

[52] P. Palozza, R. Simone, A. Catalano, G. Monego, A. Barini, M.C. Mele, N. Parrone,
S. Trombino, N. Picci, F.O. Ranelletti, Lycopene prevention of oxysterol-induced
proinflammatory cytokine cascade in human macrophages: inhibition of NF-
kappaB nuclear binding and increase in PPARgamma expression, J. Nutr.
Biochem. 22 (2011) 259-268.

[53] G.Leonarduzzi, P. Gamba, B. Sottero, A. Kadl, F. Robbesyn, R.A. Calogero, F. Biasi,
E. Chiarpotto, N. Leitinger, A. Sevanian, G. Poli, Oxysterol-induced up-regulation
of MCP-1 expression and synthesis in macrophage cells, Free Radic. Biol. Med.
39(2005) 1152-1161.

[54] M. Jaiswal, N.F. LaRusso, R.A. Shapiro, T.R. Billiar, G.J. Gores, Nitric oxide-
mediated inhibition of DNA repair potentiates oxidative DNA damage in
cholangiocytes, Gastroenterology 120 (2001) 190-199.

[55] M. Jaiswal, N.F. LaRusso, LJ. Burgart, G.J. Gores, Inflammatory cytokines induce
DNA damage and inhibit DNA repair in cholangiocarcinoma cells by a nitric
oxide-dependent mechanism, Cancer Res. 60 (2000) 184-190.

[56] L.E.Jones]Jr., L. Ying, A.B. Hofseth, E. Jelezcova, R.W. Sobol, S. Ambs, C.C. Harris,
M.G. Espey, L]. Hofseth, M.D. Wyatt, Differential effects of reactive nitrogen
species on DNA base excision repair initiated by the alkyladenine DNA glyco-
sylase, Carcinogenesis 30 (2009) 2123-2129.

[57] H. Bernstein, C. Bernstein, C.M. Payne, K. Dvorakova, H. Garewal, Bile acids as
carcinogens in human gastrointestinal cancers, Mutat. Res. 589 (2005) 47-65.

[58] C.L. Crowley-Weber, C.M. Payne, M. Gleason-Guzman, G.S. Watts, B. Futscher,
C.N. Waltmire, C. Crowley, K. Dvorakova, C. Bernstein, M. Craven, H. Garewal, H.
Bernstein, Development and molecular characterization of HCT-116 cell lines
resistant to the tumor promoter and multiple stress-inducer, deoxycholate,
Carcinogenesis 23 (2002) 2063-2080.

[59] B.A.Magnuson, N. Shirtliff, R.P. Bird, Resistance of aberrant crypt foci to apopto-
sis induced by azoxymethane in rats chronically fed cholic acid, Carcinogenesis
15(1994) 1459-1462.

[60] P. Yongvanit, S. Pinlaor, H. Bartsch, Oxidative and nitrative DNA damage:
key events in opisthorchiasis-induced carcinogenesis, Parasitol. Int. (2011),
doi:10.1016/j.parint.2011.06.011.

[61] S.Prakobwong, P. Yongvanit, Y. Hiraku, C. Pairojkul, P. Sithithaworn, P. Pinlaor,
S. Pinlaor, Involvement of MMP-9 in peribiliary fibrosis and cholangiocarcino-
genesis via Rac1-dependent DNA damage in a hamster model, Int. J. Cancer 127
(2010) 2576-2587.

[62] S.Prakobwong, S. Pinlaor, P. Yongvanit, P. Sithithaworn, C. Pairojkul, Y. Hiraku,
Time profiles of the expression of metalloproteinases, tissue inhibitors of met-
alloproteases, cytokines and collagens in hamsters infected with Opisthorchis
viverrini with special reference to peribiliary fibrosis and liver injury, Int. ].
Parasitol. 39 (2009) 825-835.


http://dx.doi.org/10.1016/j.parint.2011.06.011

DOI:http://dx.doi.org/10.7314/APJCP.2012.13.KKSuppl.77
Biliary Bile Acids in Patients with Benign Biliary Diseases, Hepatocellular Carcinoma and Cholangiocarcinoma

RESEARCH ARTICLE

Identification of Biliary Bile Acids in Patients with Benign Biliary
Diseases, Hepatocellular Carcinoma and Cholangiocarcinoma

Apinya Jusakul'*", Narong Khuntikeo*!, W Geoffrey Haigh®, Rahul Kuver>,
George N Ioannou’, Watcharin Loilome!#, Nisana Namwat'#, Vajarabhongsa
Bhudhisawasdi*#, Ake Pugkhem?#, Chawalit Pairojkul*#, Puangrat Yongvanit'*

Abstract

Bile acids are implicated as aetiological factors in many types of gastrointestinal tract cancer including
cholangiocarcinoma (CCA). Alterations in bile acid concentrations may affect the pathogenesis of these different
types of cancer. Our aim was to determine the bile acid profile in gallbladder bile from patients who underwent
liver resection. Thirty-seven patients with cholangiocarcinoma, 5 with hepatocellular carcinoma, and 7 with
benign biliary diseases were studied. High pressure liquid chromatography was used to analyze conjugated and
unconjugated bile acids. CCA patients with low (=2 mg/dl) and high (>2 mg/dl) levels of total serum bilirubin
had significantly higher total bile acid and conjugated bile acid concentrations than the benign biliary disease
group. Markedly elevated levels of cholic and chenodeoxycholic acid were found in CCA cases with high levels
of total serum bilirubin. Concentrations of total bile acids and primary bile acid were correlated with serum
cholesterol, bilirubin and ALP in CCA. Notably, correlation of the carcinoembryonic antigen, a tumor marker,
was found with level of total bile acids and chenodeoxycholic acid. These findings suggest a different pattern of
bile acid concentration in cancer patients compared to patients with benign biliary diseases. Thus, accumulation
of certain bile acids may be involved in carcinogenesis.
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Introduction

Bile acids are sterol-derived compounds synthesized
and secreted by hepatocytes into bile canaliculi (Plaa et al.,
1982). Bile acids are actively secreted by the liver into bile
and discharged into the intestinal lumen upon ingestion of
ameal. Bile acids confer detergent-like properties that are
important for their physiological functions in absorption
of dietary lipids and fat-soluble vitamins from the small
intestine (Chiang, 2009). Bile acids that are synthesized
from cholesterol in hepatocytes are termed primary bile
acids. The most abundant primary C24 bile acids are
chenodeoxycholic acid (CDCA) and cholic acid (CA). Bile
acids that are formed by bacterial modification by removal,
oxidation, or epimerization of the nuclear hydroxyl groups
of primary bile acids are termed secondary bile acids.
The most common C24 7-deoxy bile acids are lithocholic
acid (LCA), formed by bacterial 7-dehydroxylation of
CDCA, and deoxycholic acid (DCA), formed by bacterial
7-dehydroxylation of CA.

Bile acids are also implicated as causative agents in
cancers of the gastrointestinal tract, including cancers

of the esophagus, stomach, small intestine, biliary tract,
pancreas and colon (Kuwahara et al., 1989; Reveille et
al., 1990; Ross et al., 1991; Bayerdorffer et al., 1995;
Kauer and Stein, 2002; Tucker et al., 2004). As bile
fluid contains major pool of bile acids, the interaction
of bile acids with cholangiocytes leads to alterations
of cholangiocyte secretion, proliferation, apoptosis and
differentiation (Alpini et al., 1999; Alpini et al., 2001;
2002a). Deleterious effects of bile acid exposure that are
thought to be related to carcinogenesis include induction
of reactive oxygen and reactive nitrogen species; induction
of DNA damage, mutations, apoptosis in the short term,
and selection for apoptosis resistance in the long term
(Craven et al., 1987; Booth et al., 1997; Crowley-Weber
et al., 2002). Bile acids may promote carcinogenesis by
stimulating a variety of kinase signaling pathways; for
example proliferation of cholangiocytes induced by bile
acids occurs by a phosphatidylinositol 3-kinase-dependent
pathway (Alpini et al., 2002b). Transactivation of the
epidermal growth factor receptor by bile acids has been
shown to stimulate cholangiocyte proliferation (Yoon et
al., 2002a).
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Although studies have shown that bile acids can
be carcinogenic, there are few reports evaluating bile
acid composition in biliary tract cancer, especially for
liver fluke-associated CCA. Increased levels serum
bile acids such as CA and CDCA have been reported
in human opisthorchiasis (Migasena et al., 1983).
N-nitrosotaurocholic and N-nitrosoglycocholic acid are
mutagenic in the Ames test (Puju et al., 1982). DCA is
also a potent promoter of diethylnitrosamine-initiated
hepatocarcinoma (Cameron et al., 1982). Most previous
studies have reported bile acid levels in serum but not
in bile or tumor tissue. The objective of this study is
to compare bile acid concentrations and composition
between subjects with cholangiocarcinoma, hepatocellular
carcinoma and benign biliary diseases. This information
may be useful to elucidate the contribution of certain bile
acids in cancer development in future studies.

Materials and Methods

Patients and bile collection

Bile samples were collected from patients who
were undergone liver resection at Srinagarind Hospital,
Khon Kaen, Thailand. Forty-nine bile samples were
successfully collected. There were 37 patients with
cholangiocarcinoma, 5 patients with hepatocellular
carcinoma, and 7 patients with benign biliary diseases,
including cholangitis and cystadenoma. The diagnosis
was based on clinical findings, ultrasonography and
histological data. The study protocol has been approved by
the Khon Kaen University Ethics Committee for Human
Research (HE 531163). Informed consents were obtained
from all subjects. Ten to fifteen ml of bile was collected
via gallbladder puncture. Samples were supplemented
with 100 ppm of butylated hydroxytoluene, flushed
with nitrogen, and stored at -70°C until analyses. All
biochemical analyses that were used in this study were
obtained from the Clinical Chemistry Laboratory Unit of
Srinagarind Hospital.

Bile acid analysis

Samples were centrifuged at 3500 rpm for 10 min.
The bile samples (100 u1 each) were transferred to a glass
tube containing 500 pg of internal standard (5f3-cholanic
acid). Samples were dried under nitrogen at 50°C and re-
dissolved in 1 ml of distilled water (DW). Samples were
then subjected to solid-phase extraction using a Bond-
Elute C18 cartridge (Varian Assoc, Walnut creek, CA). The
C18 cartridge was preconditioned prior to loading with
successive elutions by 2 ml of chloroform — methanol 2:1
(v/v), 5 ml of methanol and 5 ml of (DW). After loading
each sample, the column was washed with 2 ml of DW and
2 ml of n-hexane. The column was left for 10 minutes to
remove excess solvents. Bile acids were recovered from
the cartridge by elution with 5 ml of methanol. The eluents
were then evaporated to dryness under nitrogen at ~50°C
and the residue was dissolved in 1 ml of methanol.

High pressure liquid chromatography (HPLC) analysis
for conjugated and free bile acids was carried out with
a three pump Rainin Dynamax system (Rainin Inst.,
Woburn, MA). The sample was applied to a 4.6x250
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mm Spherisorb ODS2, 5 uM (Phase Separations
Ltd., Clwyd, U.K) and eluted with gradient from
65% methanol/37% 0.03 M ammonium acetate, pH
4.5 to 90% methanol/10% ammonium acetate buffer,
followed by 100% methanol. Detection was by an
evaporative light-scattering detector (ELSD Mk III,
Altech, Deefield, IL), which had been calibrated with
14 standard bile acids. The bile acid standards were
tauroursodeoxycholic acid (TUDC), glycoursocholic
acid (GUDC), taurocholic acid (TCA), glycocholic
acid (GCA), taurochenodeoxycholic acid (TCDC),
taurodeoxycholic acid (TDC), taurolithocholic acid
(TLC), glycolithocholic acid (GLC), free ursodeoxycholic
acid (UDCA), free lithocholic acid (LCA) (Calbiochem,
Gibbstown, NJ), glycochenodeoxycholic acid (GCDC),
glycodeoxycholic acid (GDCA), free cholic acid (CA),
free chenodeoxycholic acid (CDCA) and free deoxycholic
acid (DCA) (Sigma-Aldrich, St. Louis, MO).

Statistical analysis

Results are presented as meantstandard deviation.
The data were analyzed by using Kruskal-Wallis one-
way analysis. P-value <0.05 was considered statistically
significant.

Results

Demography of patients and laboratory characteristics

Forty-nine total cases were analvzed: 37 with CCA; 5
with hepatocellular carcinoma; and 7 with benign biliary
disease, including cholangitis and biliary cystadenoma.
The male to female ratio was 2.5:1 and the average age
was 58 years (range 35-96 years). Of the 37 patients with
CCA, seven had a level of total serum bilirubin >2 mg/dl
(HB). In addition, 30 of CCA patients had levels of total
serum bilirubin <2 mg/dl (LB). Significant differences in
total and direct serum bilirubin between the CCA with
the LB group and the benign biliary disease group were
not observed. Levels of cholesterol, total bilirubin, direct
bilirubin, albumin and globulin in the hepatocellular
carcinoma group were not different compared to other
groups. Globulin levels in all patients were slightly
higher than the normal range. There was no difference in
cholesterol levels between patients (Table 1).

Liver function tests were also performed. Alanine
aminotransferase (ALT), alkaline phosphatase (ALP) and
aspartate aminotransferase (AST) levels were significantly
higher in the CCA with HB group compared to the benign
biliary disease and the CCA with LB groups. Levels of
ALT and ALP in the hepatocellular carcinoma group were
significantly lower compared to the levels in the CCA with
HB group (Figure 1).

Bile acid profile in human gallbladder bile

Comparison of total bile acids, total conjugated bile
acids (glycine and taurine conjugated) as well as total
unconjugated bile acids in the CCA, hepatocellular
carcinoma and benign biliary diseases groups are shown
in Figure 2.

Total concentrations of bile acids in the benign biliary
diseases, hepatocellular carcinoma, CCA with LB and
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Table 1. Biochemical Parameters in Serum of Patients with Benign Biliary Diseases, Hepatocellular Carcinoma

and CCA

Parameters (normal range)

Benign biliary disease: BD Hepatocellular

CCA (n=37)

(n=7) carcinoma: HCC Total serum bilirubin ~ Total serum bilirubin
(n=5) <2 mg/dl (LB) >2 mg/dI(HB)
(n=30) (n=7)
Cholesterol (127-262 mg/dl) 172+25 (132-199) 149455 (110-228) 183+50  (124-280) 231.0+68.0 (130.0-327.0)
Total bilirubin  (0.25-1.5 mg/dl) 1.5£2* (0.3-5.3) 24432 (04-72) 04x19* (02-1.0) 7.8+8.7 (2.1-26.6)
Direct bilirubin (0-0.5 mg/dl) 0.8+1.4* (0.1-3.7) 1.5£2.6 (0.1-54) 0.13x0.08* (0.1-0.3)  5.8+8.0 (1.0-23.7)
Albumin (3.8-5.4 g/dl) 3.5+0.7 (2.7-4.7) 3.8+0.8 (2.7-4.6) 4.1x0.6 (24-50) 3.7x0.6 (29- 4.8)
Globulin (2.6-3.4 g/dl) 42409 (3.4-59) 45+1.1 (3.1-55) 42408 (2.7-6.0) 4.0+0.6 (3.3- 49)

*indicates significant differences compared to the CCA with total serum bilirubin >2 mg/dl (HB) along the same horizontal line,

Each value represents mean+SD with range in parenthesis
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Figure 1. Bar Graphs Represent Serum Biochemical
Parameters. Mean serum ALT (A), ALP (B) and AST (C)
in patients with benign biliary disease (BD), hepatocellular
carcinoma (HCC) and CCA patients with total serum bilirubin <2
mg/dl (LB) and >2 mg/dl (HB). P-values were obtained by One-
Way ANOVA test. * indicates significantly different (P<0.05)
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Figure 2. Mean Levels of Total Bile Acid (A), Total
Conjugated Bile Acids (B) Total Unconjugated Bile
Acids (C) and Ratios of Primary to Secondary Bile
Acids in Gallbladder Bile from Patients with Benign
Biliary Disease (BD), Hepatocellular Carcinoma
(HCC) and CCA Patients with Total Serum Bilirubin
=<2 mg/dl (L.LB) and >2 mg/dl (HB). *Indicates significantly
different (P<0.05)

HB groups were 18.7+21.7 mg/ml, 76.1+83.4 mg/ml,
78.2+65.5 mg/ml and 201.8+173.2, respectively. The CCA
groups with LB and HB had significantly higher total bile
acid concentrations than the benign biliary disease group
(P<0.05). Moreover, total bile acid concentrations in the
CCA with HB group was increased compared to the CCA
with LB group (P<0.05).

Levels of total conjugated bile acids in the benign
biliary disease, hepatocellular carcinoma, CCA with LB
and HB groups were 18.4+21.7 mg/ml, 76.0+83.3 mg/ml,
75.5+£66.0 mg/ml and 201.5+173.1 mg/ml, respectively.
Total conjugated bile acid concentrations in the CCA
with LB and HB groups were significantly increased
compared to the benign biliary disease group (P<0.05).
Total unconjugated bile acid concentrations in the benign
biliary disease, hepatocellular carcinoma, CCA without
bile duct obstruction and CCA with LB and HB groups
were 0.20+0.2 mg/ml, 0.06+0.03 mg/ml, 0.14+0.15
mg/ml and 0.3+0.1 mg/ml, respectively. No significant
differences were observed between all groups.

The ratios of primary (CA, TCA,GCA,CDCA,TCDC
and GCDC) to secondary (DC, TDC, GDC, UDCA,
TUDC, GUDC, LCA, TLC and GLC) bile acids were
also analyzed. Ratios of primary/secondary bile acids
in the benign biliary diseases, hepatocellular carcinoma,
CCA with LB and HB groups were 9.9+8.2 mg/ml,
13.2+10.0 mg/ml, 17.7£20 mg/ml and 62.98+91.16 mg/
ml, respectively. The increasing primary:secondary ratio
in CCA with HB was noted but this was not significantly
different.

Levels of the primary bile acids CA and CDCA are
shown in figure 3. Markedly elevated levels of CA were
found in CCA patients with HB. Levels of CA in patient
with benign biliary disease, hepatocellular carcinoma,
CCA with LB and HB were 8.8+£9.2 mg/ml, 11.7+5.3
mg/ml, 35.2+31.5 mg/ml and 122.3+144.0 mg/ml,
respectively. Significant differences in CA concentration
were observed in patients with CCA with LB and HB
compared to patients with benign biliary disease (P<0.05).
Levels of CA in the CCA with HB group were higher than
in the hepatocellular carcinoma group, but this difference
was not significant. Moreover, the level of CDCA was
also significantly increased in patients with CCA with LB
and HB compared to patients with benign biliary disease
(P<0.05).

The concentrations of secondary bile acids including
DCA, UDCA and LCA were analyzed and results are
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Table 2. Bivariate Correlation between Bile Acid Levels and Biochemical Tests

Cholesterol ~ Total bilirubin  Direct bilirubin ALP CEA

Total bile acid Pearson Correlation 0.460* 0.514* 0.536* 0.510% 0.353%

P value 0.004 0.001 0.001 0.001 0.050
Total primary bile acid  Pearson Correlation 0.456* 0.531%* 0.554* 0.543%* 0.369*

P value 0.005 0.001 0 0.001 0.041
Total secondary bile acid Pearson Correlation

P value ns ns ns ns ns
Total CA Pearson Correlation 0.402% 0.456* 0477* 0.643*

P value 0.014 0.005 0.003 0.000 ns
Total CDCA Pearson Correlation 0.404* 0.490* 0.509* 0.430%

P value 0.013 0.002 0.001 ns 0.016

*indicates the significant correlation, ns indicates no significant correlation
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Figure 3. Levels of the Primary Bile Acids A; Cholic
Acid (CA) and B; Chenodeoxycholic Acid (CDCA) in
Gallbladder Bile from Patients with Benign Biliary
Disease (BD), Hepatocellular Carcinoma (HCC) and
CCA Patients with Total Serum Bilirubin <2 mg/dl
(LB) and >2 mg/dl (HB). Data are expressed as mean+SD.
*indicates significantly different (P<0.05).
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Figure 4. Levels of the Secondary Bile Acids, A)
Deoxycholic Acid (DCA), B) Ursodeoxycholic Acid
(UDCA) and C) Lithocholic Acid (LCA) in Patients
with Benign Biliary Disease (BD), Hepatocellular
Carcinoma (HCC) and CCA Patients with Total Serum
Bilirubin <2 mg/dl (LB) and >2 mg/dl (HB). Data are

expressed as mean+SD.
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shown in Figure 4. The level of DCA tended to be
increased in patient with hepatocellular carcinoma and
CCA with LB and HB compared to patients with benign
biliary diseases, but this was not significantly different.
Significant differences in UDCA and LCA were not
observed in any group.

Correlation of bile acids and biochemical characteristics

To elucidate the effect of bile duct obstruction, the
correlations between bile acid levels and liver function
tests were analyzed in the CCA group by using bivariate
analysis (Table 2). Levels of total bile acids and total
primary bile acids were correlated with cholesterol,
total bilirubin, direct bilirubin and ALP levels in CCA
patients (P<0.01). No significant differences were found
in levels of total secondary bile acids and these liver
biochemical tests. The primary bile acids CA and CDCA
correlated with cholesterol, total and direct bilirubin and
ALP levels (P<0.05). In contrast, levels of the secondary
bile acids including DCA, UDCA and LCA were not
significantly correlated with cholesterol, total and
direct bilirubin and ALP levels (data not shown). The
correlation between bile acid and tumor markers was
also investigated. Interestingly, the levels of total bile
acid, total primary bile acid and chenodeoxycholic acid
were significantly correlated (P<0.05) with the serum
level of carcinoembryonic antigen (CEA). However, a
significant correlation was not observed between levels
of carbohydrate antigen (CA) 19-9 and alpha-fetoprotein
(AFP) (data not shown).

Discussion

Many studies have also found that there is an excess
risk of forming malignant tumors in some organs
exposed to high concentration of bile acids, such as in the
gastrointestinal tract (Bernstein et al., 2009). Alteration
of bile acid composition increased the incidence of
cholangiocarcinoma and colorectal adenocarcinoma
(Kinami et al., 1993; Debruyne et al., 2002). In this study,
we determined the bile acid profiles in bile from patients
with CCA and hepatocellular carcinoma, and compared
these profiles to those found in the bile of patients
with benign biliary diseases. Higher levels of total bile
acids were found in CCA and hepatocellular carcinoma
patients. Markedly increased levels of total bile acids
were observed in samples from patients with CCA with
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HB. This finding suggests that bile duct obstruction may
alter bile acid levels. Higher levels of primary bile acids
resulting in an increased primary:secondary bile acid
ratio in samples from patients with CCA with HB were
also found. A positive correlation between total bile acids
or total primary bile acids and biliary tract obstruction
was also found, with total bilirubin and direct bilirubin
representing markers of bile obstruction. CA and CDCA
were also increased in the CCA group compared to the
benign biliary disease group.

A previous study showed that bile duct obstruction
increases bile acid synthesis. Bile duct ligation in
rats increased serum, liver and urine bile acid levels
(Kinugasaetal., 1981). The mechanism by which bile duct
obstruction induces bile acid synthesis remain unclear but
accelerated hepatic cholesterol synthesis and increased
serum cholesterol levels have been proposed (Cooper
and Ockner, 1974). A correlation between total bile acids
and primary bile acids and cholesterol concentrations was
also found in this study. Therefore, increased cholesterol
synthesis is consistent with increased bile acid production.
Park et al. (2006) also reported increased CA in bile from
patients with biliary tract cancer compared to patients’
bile with biliary tract stones and normal bile. In contrast,
they found decreased total and secondary bile acids in
biliary tract cancers. Low levels of secondary bile acids
may be caused by primary bile acids that cannot reach
the regions in bowel where secondary bile acids are
produced. Production of secondary bile acids also depends
on bacterial enzymes, so infection could be a contributing
factor. Recently, Helicobacter pylori was found in 66%
of bile samples in patients with CCA (Boonyanugomol
et al., 2012). This finding supports higher production of
secondary bile acids in CCA compared to benign biliary
diseases. Although we used benign biliary disease as a
control, significantly different results compared to the
cancer groups were obtained. Sharif et al. (2010) reported
different patterns of bile acids in bile from patients with
CCA compared to bile from patients with benign biliary
disease. They also suggested bile acids as potential
disease biomarkers for distinguishing malignant from
benign biliary disease. Although the differences were not
significantly different, we also found increasing levels of
total bile acids, total conjugated bile acids and primary bile
acids in bile from patients with CCA with HB compared to
bile from patients with hepatocellular carcinoma. Lower
levels of ALT, AST and ALP were found in the bile from
patients with hepatocellular carcinoma compared to the
bile from patients with CCA and high levels of serum
bilirubin. This suggested that liver function affected the
bile acid concentration.

Alterations in bile acid concentrations in CCA were
also previously reported in serum. Increased levels of CA
and CDCA was found in human opisthorchiasis which
is a CCA-associated liver fluke (Migasena et al., 1983).
Elevations of total bile acids and total conjugated bile
acids were reported in the serum of patients in the CCA
group compared with normal controls (Changbumrung et
al., 1990). Increased bile acids in serum may be caused
by biliary obstruction (Hong et al., 1973). Chronic
exposure to bile acids may play an important role in

cholangiocarcinogenesis (Jansen, 2007). Concurrent with
the present study, the positive correlation of total bile acids
and CDCA with levels of serum CEA was observed in
CCA patients. This result indicates the possible association
of bile acid and cancer development. Previous studies
suggested a role for bile acids in cholangiocarcinogenesis
(Sirica, 2005). DCA, a potent promoter in the CCA
hamster model, was shown to induce COX-2 in cultured
immortalized human cholangiocytes via an EGFR-
dependent mechanism and to block protein degradation
of myeloid cell leukemia protein 1, a potent anti-apoptosis
protein (Yoon et al., 2002a; 2002b). The underlying
mechanism of bile acids on cholangiocarcinogenesis
may involve their receptors. Adding the antagonist of
farnesoid x receptor (FXR), a nuclear receptor for bile acid
enhanced cholangiocarcinogenesis induced by free bile
acids (Dai et al.,2011). Moreover, in bile duct obstruction,
increased biliary bile acid concentration initiated enhanced
cholangiocyte proliferation in an animal model (Alpini et
al.,2002b).

In conclusion, total bile acids, conjugated bile acids,
unconjugated bile acids and individual bile acids were
analyzed in this study. Elevated levels of total bile acids,
conjugated bile acids and primary bile acids were found
in CCA. Bile duct obstruction may contribute to an
alteration of bile acid concentration. Levels of CA,CDCA
and DCA were increased in cancer groups. Moreover,
levels of total bile acids and CDCA were also related to
the level of CEA. These findings suggest a different bile
acid concentration profile in the cancer groups compared
to benign biliary disease groups. Alteration of bile acid
concentration may be a reflection of the disease process.
Since cholangiocytes are directly exposed to carcinogens
in bile, profiling of bile acids in this study provides useful
information about which bile acids may contribute to
pathogenesis. Further studies are needed to determine the
mechanisms underlying the correlation between bile acid
composition and carcinogenesis.
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The oxysterols cholestan-3[3,5a,6p3-triol (Triol) and 3-keto-cholest-4-ene (3K4) are increased in
Opisthorchis viverrini-associated hamster cholangiocarcinoma and induce DNA damage and apoptosis
via a mitochondria-dependent mechanism in MMNK-1 human cholangiocytes. Based on these obser-
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gey Wtor dsl' contributing to cholangiocarcinogenesis. To test this hypothesis, we cultured MMNK-1 cells long-term in
xysterols

the presence of Triol. Alteration in survival and apoptotic factors of Triol-exposed cells were examined.
Cells cultured long-term in the presence of Triol were resistant to H,0,-induced apoptosis, and demon-
strated an increase in the phosphorylation of p38-«,, CREB, ERK1/2 and c-Jun. Elevations in the ratio of
Bcl-2/Bax and in the protein levels of anti-apoptotic factors including cIAP2, clusterin, and survivin were
detected. These results show that long-term exposure of MNNK-1 cells to low doses of Triol selects for
kinase-signaling molecules which regulate resistance to apoptosis and thereby enhance cell survival.
Clonal expansion of such apoptosis-resistant cells may contribute to the genesis of cholangiocarcinoma.
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1. Introduction

Oxysterols are oxygenated derivatives of cholesterol derived
from enzymatic pathways mediated by CYP450 enzymes or from
non-enzymatic mechanisms via reactive oxygen and/or nitrogen
species (ROS/RNS) [1,2]. Numerous studies have demonstrated
pathological effects of oxysterols such as 7-ketocholesterol, 24-
hydroxycholesterol and Triol in a variety of diseases including
cardiovascular diseases, neurological diseases and cancer [1-3].
Oxysterols also appear to play critical roles in multiple stages of
carcinogenesis [3], such as in tumor initiation via enhancement

Abbreviations: CCA, cholangiocarcinoma; Triol, cholestan-3(,5c,63-triol; 3K4,
3-keto-cholest-4-ene; p38-a, p38 mitogen-activated protein kinase o; CREB, CAMP
response element-binding; ERK 1/2, extracellular signal-regulated kinase 1/2; cIAP2,
cellular inhibitor of apoptosis 2.
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of oxidative stress. Oxysterols increase intracellular ROS levels
by inducing NADPH oxidase [4,5]. Persistent production of pro-
oxidative molecules including ROS/RNS induced by oxysterols may
perturb cellular stress responses [6,7] that can impair the DNA
repair system and inhibit apoptosis [8,9]. Apoptosis induction by
oxysterols may select a subset of cells that are resistant to apo-
ptosis and thereby enhance carcinogenesis [10,11]. Infection with
the liver fluke Opisthorchis viverrini (Ov) induces the generation of
ROS/RNSin bile ductepithelia[12,13]. We have previously reported
a possible role for oxysterols in the genesis of Ov-associated
cholangiocarcinoma (CCA), a malignant tumor of bile duct epithelia
[14]. Two oxysterols, cholestan-33,5a,63-triol (Triol) and 3-keto-
cholest-4-ene (3K4), were increased in Ov-induced hamster CCA.
Triol and 3K4 induced DNA damage and apoptosis in the human
cholangiocyte MMNK-1 cell line [14]. Moreover, the expression of
cytosolic oxysterol-binding proteins was increased in Ov-induced
hamster CCA [15].

Mechanisms that explain the role of oxysterols in the
initiation and progression of CCA remain undefined. Certain oxys-
terols can stabilize cyclooxygenase-2 (COX-2) mRNA via a p38


dx.doi.org/10.1016/j.jsbmb.2013.08.004
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsbmb.2013.08.004&domain=pdf
mailto:puangrat@kku.ac.th
mailto:puangrat.y@gmail.com
dx.doi.org/10.1016/j.jsbmb.2013.08.004

A. Jusakul et al. / Journal of Steroid Biochemistry & Molecular Biology 138 (2013) 368-375 369

MAPK-dependent mechanism resulting in COX-2 protein accumu-
lation in a CCA cell line [16]. Previous experiments, however, have
examined the effects of high doses of oxysterols over short time
courses, a situation that is diametrically opposed to that encoun-
tered in clinical Ov-induced CCA development where long term
exposure to the liver fluke is present, and low concentrations of
oxysterols are present in the biliary tract [14,17]. Indeed, culturing
cholangiocytes with high concentration of oxysterols is expected
to enhance their cytotoxicity. Interestingly, Gregorio-King and col-
leagues demonstrated that long-term culture of hematopoietic
HL60 cells in the presence of low doses of the oxysterol 25-
hydroxycholesterol (25-OHC) led to increased survival but it did
not show resistance to apoptosis [18]. On the other hand, repeated
exposure to oxysterols induced resistance to apoptosis in rat colon
crypt cells and in a colon cell line [19,20]. Such resistance, was sta-
ble after at least 4 weeks growth in the absence of the oxysterol
[20], and thus must have been due to somatically inherited changes
in the cells, such as epigenetic or mutational alterations. Based
on these observations, we hypothesized that chronic exposure of
cholangiocytes to low doses of oxysterols may allow a growth
advantage to a subset of these cells through selection for resistance
to apoptosis, thereby contributing to cholangiocarcinogenesis. To
test this hypothesis, we cultured MMNK-1 cells long-term in the
presence of low doses of Triol, and investigated the molecular
signaling pathways that have been associated with apoptosis resis-
tance.

2. Materials and methods
2.1. Cell culture

The immortalized human cholangiocyte MMNK-1 cell line,
transduced with SV40T and hTERT, was generated and supplied by
Professor Naoya Kobayashi (Okayama University, Japan). Cells were
cultured in Hams F12 (Invitrogen, CA, USA) supplemented with 10%
fetal calf serum, 100 U/ml penicillin, and 100 p.g/ml streptomycin
at 37°C and 5% CO,.

2.2. Establishment of a cholangiocyte cell line chronically exposed
to low doses of Triol

MMNK-1 cells were cultured by step-wise exposure to
cholestan-3f3,50,6B-triol (Triol) (Steraloids Inc., USA). In brief,
MMNK-1 cells were cultured repeatedly in the presence of 15 uM
Triol. When the viability of Triol-treated cells was similar to that
observed in untreated control cells, the concentration of Triol in the
culture media was increased to 18 wM and 20 wM consecutively.
Cell viability was determined using sulforhodamine B as described
below.

2.3. Cell viability assay

MMNK-1 cells (2 x 103/100 1) were seeded into 96-well plates
and incubated overnight at 37°C and 5% CO,. Cells were treated
with Triol at designated concentrations for 48 h. Triol was dis-
solved in 100% ethanol and added to culture media at different
concentrations; the final concentration of ethanol was 0.5%. The
number of viable cells was determined using sulforhodamine B
(SRB, Sigma-Aldrich, MO, USA) as described previously [21]. Briefly,
cells were fixed with 10% cold trichloroacetic acid for 1h at 4°C
and stained with 0.4% SRB in 1% acetic acid for 30 min. Excess
dye was washed with 1% acetic acid and stained cells were solu-
bilized with 200 I of 10 mM unbuffered Tris-base. The absorbance
was measured with a microplate reader (Sunrise, TECAN Trading,
Switzerland) at 540 nm. The results were expressed as a percentage
of cell viability relative to control (cells treated with 0.5% ethanol).
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Fig. 1. Triol-exposed MMNK-1 cells are resistant to Triol and H,0; treatment. (A)
Both control and Triol-exposed cells were treated with Triol at designated concen-
trations for 48 h. After repeated exposure to Triol, cells were more resistant to Triol
than control. (B) Control and Triol-exposed cells were treated with H,0, at desig-
nated concentrations for 24 h. Increased numbers of viable cells were observed in
Triol-exposed cells compared to control cells. Results are expressed as percent of
control. Two individual experiments were performed. * indicates P<0.05.

The concentration that inhibited cell growth to 50% of control (ICsq)
was calculated by plotting the percentage of cell growth inhibition
against oxysterol concentration.

2.4. Determination of apoptosis resistance

To determine resistance to apoptosis in MMNK-1 cells cultured
in the presence of Triol, cells were treated with 300-1000 M of
hydrogen peroxide (H,0,), an apoptosis inducer [22], for 24 h. The
number of viable cells was determined using sulforhodamine B as
described above. Parental MMNK-1 cells were used as controls.

MMNK-1 control Triol-exposed cell

30 Control 10 20 30 Triol
i —— (uMm)

DNA
ladder Control 10 20

Fig. 2. Triol-exposed cells are resistant to apoptosis induction by Triol. Cells were
treated with 10-30 wM Triol for 48 h. First lane was 100 bp DNA ladder. 0.5% ethanol-
treated cells were used as control.
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were performed by using the phospho-kinase array. (B) Bar graph comparison of phosphorylated kinase protein expression in MMNK-1 control and Triol-exposed cells. Spot
pixel densities were analyzed using ImageQuant™ and expressed as mean + SD from two individual experiments. Results indicated the activation of kinase signaling cascade
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DNA ladder formation was analyzed in Triol-exposed cells com-
pared to MMNK-1 control cells. Cells were exposed to 10-30 uM
Triol for 48 h, and then adherent cells were trypsinized and cell
pellets were collected. Briefly, 106 cells were lysed twice with 1 ml
lysis buffer (1% (w/v) Triton X-100, 0.32 M saccharose, 5 mM MgCl,,
10 mM Tris-HCI) and centrifuged for 20s at 10,000 x g. Cell pellets
were collected and treated with 200 wl of enzyme reaction solu-
tion (1% (w/v) SDS, 5mM EDTA-Nap, 10mM Tris-HCl) and 8 pl
of 1 mg/ml of RNaseA for 20 min at 37°C. Subsequently, 10 ul of
10 mg/ml Proteinase K was added to the sample and incubated for
1h at 37°C. Then, 300 .l of 7.6 M Nal solution (7.6 M Nal, 20 mM
EDTA-Na;, 40 mM Tris-HCl) and 500 .l of isopropanol were added
to the sample. After centrifugation, the pellet was mixed with 40%
isopropanol, washed with 70% ethanol and centrifuged. The pel-
let was dried and resuspended with 100 wl of TE buffer (10 mM
Tris-HCl and 1 mM EDTA) and loaded onto 1% agarose gelin 1 x TBE

buffer (89 mM Tris Base, 89 mM boric acid, and 2 mM EDTA). Elec-
trophoresis was done at 50V for 1 h and the gel then stained with
ethidium bromide for 15 min. Visualization was by ImageQuant 400
(GE Healthcare Bio-Science, UK).

2.5. Proteomic profiles of phospho-kinase and apoptosis proteins

Analysis of phosphorylation profiles of kinase proteins and
expression profiles of apoptosis-related proteins were performed
using Proteome Profiler Human Phospho-Kinase and Apopto-
sis Array Kits (R&D System, USA) according the manufacturer’s
instructions using protein extracts from MMNK-1 cells cultured
in the presence of Triol in comparison to MNNK-1 cells cul-
tured in the absence of Triol. Briefly, Triol-exposed MMNK-1
and control MMNK-1 cells were cultured in serum free media
without oxysterol for 24h. Cell lysates (800 wg per membrane)
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Fig. 4. Activation of apoptosis-related proteins in Triol-exposed cells compares to MMNK-1 control cells. (A) Profiling of apoptosis-related proteins expression in control
and Triol-exposed cells was done by using the apoptosis array. (B) The quantification of mean spot pixel densities were analyzed using ImageQuant™ from two individual

experiments. * indicates P<0.05.

were incubated overnight with nitrocellulose membrane contain-
ing antibodies against 46 kinase phosphorylation sites and 35
apoptotic proteins printed in duplication. Then membranes were
incubated with Detection Antibody Cocktail and subsequently with
streptavidin-horseradish peroxidase. Signals were detected with
ECL Plus Western blotting Detection Reagents (GE Healthcare UK
Ltd., UK). The array images were analyzed and quantified using
ImageQuant™ Imager (GE Healthcare UK Ltd., UK).

2.6. Western blot analysis

Cell lysate (30 p.g) of Triol-exposed MMNK-1 and unexposed
control cells were separated by 10% SDS-polyacrylamide elec-
trophoresis and blotted to PVDF membrane (GE Healthcare
Bio-Science, UK). Blots were probed with 1:100 of goat anti-
Bax antibody (BD Biosciences, USA), 1:100 of rabbit anti-Bcl-2
(C21) antibody (Santa Cruz, Biochemical, USA), 1:1000 of rab-
bit anti-phospho-p44/42 MAPK (ERK1/2) antibody (Cell Signaling,

USA), 1:1000 of rabbit anti-p44/42 MAPK (ERK1/2) antibody
(Cell Signaling, USA), 1:1000 of rabbit anti-phospho-p38 MAPK
(Thr180/Tyr182) antibody (Cell Signaling, USA), 1:1000 of rabbit
anti-p38 MAPK (Thr180/Tyr182) antibody (Cell Signaling, USA)
or 1:10,000 of the mouse anti-f-actin antibody (Sigma Aldrich,
USA). Then, membranes were incubated in horseradish peroxidase-
conjugated secondary antibody (Santa Cruz Biochemical, Santa
Cruz, CA) at room temperature for 1h. After that, detection was
performed using the chemiluminescence for western blotting sys-
tem (ECL, GE Healthcare Bio-Science, UK). Signals were analyzed
by using Imagequant 400 and quantified by using ImageQuant™
Imager (GE Healthcare UK Ltd., UK).

2.7. Statistics

The results are presented as a mean £ SD for at least two indi-
vidual experiments. Data were compared using Student’s t-test.
A P-value less than 0.05 was considered statistically significant.
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All analyses were performed using IBM SPSS 19 (Chicago, IL, USA)
software.

3. Results

3.1. Triol-exposed MMNK-1 cells are resistant to H,0,-induced
apoptosis

Triol-tolerant cholangiocytes were established by repeated
exposure of MMNK-1 cells to Triol. Typically, only 20-30% of
MMNK-1 cells survived within 5 days after exposure to 15 wM Triol.
The surviving cells were cultured and repeatedly exposed to Triol
until 80-90% viable cells were attained. The dose of Triol was then
increased consecutively to 18 and 20 M. The total time required to
establish a Triol tolerance in MMNK-1 cell lines was approximately
12 months. After the 12-month exposure, Triol-exposed MMNK-1
cells showed a significant increase in IC5g (22.7 = 1.1) when com-
pared to the parental cells (16.7 +£0.5 pM) as shown in Fig. 1A. To
investigate whether Triol-exposed cells were resistant to apoptosis,

cells were treated with 300-1000 wM H, 0, for 24 h. Triol-exposed
MMNK-1 cells showed significantly higher cell viability than did the
parental cells that were not exposed to Triol (Fig. 1B). Moreover, a
marked decrease DNA laddering was found in Triol-exposed cells
upon treatment with 30 wM of Triol (Fig. 2)

3.2. Profiling of kinase phosphorylation and apoptosis proteins in
Triol-exposed cells

Patterns of activated kinases and apoptotic-associated proteins
were investigated in Triol-exposed cells in comparison to the
parental cells not exposed to Triol. Triol-exposed cells demon-
strated increased phosphorylation of several kinases, including
P38 mitogen-activated protein kinase o (p38-a), CAMP response
element-binding (CREB), extracellular signal-regulated kinase
(ERK1/2), mitogen- and stress-activated protein kinases 1 and 2
(MSK1/2) and c-Jun (S63) when compared to the parental cells not
exposed to Triol (Fig. 3A and B).
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The results also revealed a significant increase in anti-apoptotic
proteins including Bad, cIAP-2, Claspin and Survivin in Triol-
exposed cells compared to the parental cells (Fig. 4A and B).
A marked reduction in pro-apoptotic proteins including Fas-
associated protein with death domain (FADD) and Fas receptor
(Fas/TNFRSF6) was detected in Triol-exposed cells when compared
to the parental cells (Fig. 4A and B).

3.3. Western blot analysis confirmed the phosphorylation status
of kinase proteins and expression of apoptosis-related proteins

To confirm the phosphorylation status of kinase proteins
and expression of apoptosis-related proteins in Triol-exposed
cells, we examined the protein levels of key-targeted pro-
teins thatincluded total-ERK1/2, phospho-ERK1/2, total-p38MAPK,
phospho-p38MAPK, Bcl-2 and Bax. A significant induction in the
ratio of phosphorylated to total forms of ERK1/2 and p38MAPK and
Bcl-2 to Bax was observed for Triol-exposed cells when compared
to the parental cells that were not exposed to Triol (Fig. 5A and B).

4. Discussion

Oxysterols have been proposed to contribute to multiple
stages of carcinogenesis [3]. We reported increased levels of the
pathogenic oxysterols Triol and 3K4 in Ov-induced hamster CCA
tumor tissue. In addition, the cytotoxic effects of Triol and 3K4 were
studied in human MMNK-1 cholangiocytes. Both Triol and 3K4
induced DNA damage and apoptosis via a mitochondria-dependent
mechanism [14]. Studies have described the mechanisms of
oxysterol-induced cytotoxicity in different cell systems [4,23].
Interestingly, those experiments were performed using single
and/or high doses of oxysterols. High concentrations of oxysterols
are cytotoxic to many cell types. Moreover, our previous study
showed that low concentrations of oxysterols induce DNA dam-
age without necessarily inducing cell death [14]. As previously
suggested in bile-acid-induced gastrointestinal cancer [20], cells
with an apoptosis-resistant phenotype are selected after long-
term repeated exposure to pulses of bile acids, resulting in the
survival of cells with unrepaired DNA damage, and a consequent
increase in genomic instability leading to cancer progression. Long-
term exposure to bile acids allowed cells to become resistant to

apoptosis in vitro and in vivo [19,20]. Our study demonstrates that
chronic exposure of cholangiocytes to low doses of the pathogenic
oxysterol Triol leads cell to survival and resistance to apoptosis.
Interestingly, we could not maintain 3K4-tolerant cells in a sim-
ilar experiment. This may be due to greater cytotoxicity of Triol
than 3K4 caused by higher polarity [14]. Another possible expla-
nation is that a more extended treatment period may be required
for establishing 3K4-tolerant cells. We proved that Triol-exposed
cells were more resistant to Triol and H,0, than the parental cells
by using SRB assay. Moreover, a decrease in DNA ladder forma-
tion after treatment with Triol confirms that Triol-exposed cells
are more resistant to apoptosis. This suggests that Triol-induced
cytotoxicity may operate via similar mechanisms with apopto-
sis induction-related oxidative stress [24,25]. Nevertheless, cell
death of 70% in Triol-exposed cells after treatment with 30 uM
Triol using SRB with undetectable DNA laddering could happen
due to a discrepancy between the two methods. Apoptotic and
necrotic cells were excluded by collection of only adherent cells for
assays.

Previous studies reported that oxysterols exert their survival
effect through the activation of signal transduction pathways,
especially kinase-dependent pathways [ 16]. An oxysterol-activated
MAPK cascade exists in various cell types including in a human
cholangiocarcinoma (KMBC) cell line [16,26]. We found that the
Triol-exposed cholangiocytes exhibited pro-survival and anti-
apoptotic properties in association with activation of signaling
molecules in the MAPK pathway. The increase in activation of extra-
cellular signal activated kinases including p38a MAPK and ERK1/2
were found in Triol-exposed cells. Activation of the MAPK cas-
cade results in stimulation of a wide range of cellular responses
including metabolism, survival, apoptosis and differentiation [27].
Moreover, activation of the MAPK cascade has profound effects on
the regulation of the cell cycle and apoptosis [28]. An increase in
phosphorylation of the transcription factors CREB and c-Jun, which
are downstream molecules in the MAPK pathway, was also found
in Triol-exposed cells. The activation of these downstream tran-
scription factors may regulate the expression of survival-related
proteins [28]. Induction of CREB stimulates a survival pathway in
alveolar epithelial cells [29]. MAP kinase that activates c-Jun may
underlie the common stimulation of this transcription factor by
growth factors and oncogenes [30].
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Oxysterols can induce apoptosis through both death receptor-
dependent and mitochondrial pathways [14,31]. We found the
alteration of both pathways in Triol-exposed cells. We demon-
strated that cholangiocytes exposed to Triol exert anti-apoptotic
properties by increasing the ratio of Bcl-2/Bax, enhanced expres-
sion of cIAP-2 and survivin. This finding contrasts to two other
reports [18,32]. These contrasting findings may be due to the
different types of oxysterols used and varied mechanisms of
oxysterol-induced cytotoxicity in different cell types. Moreover,
decreased expression of the death receptor Fas was found in our
model. Even though previous reports have implicated Fas recep-
tor mediated apoptosis by certain oxysterols, the mechanisms
involved remain obscure [31,33]. Hence, the suppression of Fas
ligand induced by Triol treatment should be investigated further.
Notably, the activation of pro-apoptotic related proteins, Bad and
Claspin, was observed in our study but did not trigger apoptosis.

In conclusion, we established a human cholangiocyte MMNK-
1 cell line that was selected for resistance to cytotoxicity by Triol
through long term, low dose exposure. The clonally selected cells
expressed activated tyrosine kinases and their effector proteins
allowed these cells to evade apoptosis. These findings support a
model in which exposure of cholangiocytes to pathogenic oxys-
terols at a low dose and for a long duration (as occurs with Ov
infection in humans) contributes to cancer development. Reduced
DNA repair and ongoing exposure to DNA damaging agents cause
an accumulation of DNA damage. Higher level of DNA damage leads
to either increased mutation due to error-prone translational pro-
cesses [34] or increased epimutations due to epigenetic alterations
at the sites of DNA damage when repair is error-prone [35-37].
Such mutations and/or epimutations enable the selection of resis-
tant cells. These resistant cells constitutively activate down-stream
effectors of receptor tyrosine kinase signaling that may result in
regulation of gene expression of apoptosis-related proteins, which
are involved in the stimulation of cell survival and evasion of apo-
ptosis. Clonal expansion of apoptosis-resistant cells may enhance
the malignant transformation of biliary cells leading to the genesis
of CCA (as depicted in Fig. 6). Pathogenic oxysterols found in the bil-
iary tract, such as Triol, could play a key role in driving this process
in CCA. Long term chronic inflammation due to Ov infection would
allow the generation of reactive oxygen and nitrogen species, DNA
damage, selection for apoptosis resistance, and increased mutation
leading to carcinogenesis.
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Abstract

Cytochrome P450 (CYP) enzymes are a large family of constitutive and inducible mono-oxygenase enzymes
that play a central role in the oxidative metabolism of both xenobiotic and endogenous compounds. Several
CYPs are involved in metabolism of oxysterols, which are cholesterol oxidation products whose expression may
be dysregulated in inflammation-related diseases including cancer. This study focused on CYP39A1, which
can metabolize 24-hydroxycholesterol (24-OH) that plays important roles in the inflammatory response and
oxidative stress. We aimed to investigate the expression status of CYP39A1 and its transcription factor (RUNX2)
in relation to clinical significance in cholangiocarcinoma (CCAs) and to determine whether 24-OH could induce
oxidative stress in CCA cell lines. Immunohistochemistry showed that 70% and 30% of CCA patients had
low and high expression of CYP39A1, respectively. Low expression of CYP39A1 demonstrated a significant
correlation with metastasis. Our results also revealed that the expression of RUNX2 had a positive correlation
with CYP39A1. Low expression of both CYP39A1 (70%) and RUNX2 (37 %) was significantly related with poor
prognosis of CCA patients. Interestingly, oxidized alpha-1 antitrypsin (0x-A1AT), an oxidative stress marker,
was significantly increased in CCA tissues in which CYP39A1 and RUNX2 were down regulated. Additionally,
immunocytochemistry showed that 24-OH could induce 0x-A1AT in CCA cell lines. In conclusion, our study
revealed putative roles of the CYP39A1 enzyme in prognostic determination of CCAs.

Keywords: CYP39A1 - RUNX2 - oxidized alpha-1 antitrypsin - cholangiocarcinoma
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Introduction

Cholangiocarcinoma (CCA) is a tumor characteristic
of bile duct epithelial cells which is related with a poor
prognosis as well as responding poorly to current therapies
(de Groen et al., 1999; Vatanasapt et al., 2002). The
incidence of CCA burden greatly increases worldwide
such as in the United Kingdom, United States, Western
Australia and Thailand (Khan et al., 2008). Diverse
exposure to risk factors for CCA result in varying
geographic incidences with parasitic infections, such as
liver fluke, Opisthorchis viverrini (O. viverrini), chronic
viral hepatitis and cirrhosis including hepatitis C virus
(HCV), hepatitis B virus (HBV), liver cirrhosis, and
hepatolithiasis (Shin et al., 2010). A major mechanism
linking between inflammation and CCA is related to
the generation of free radicals such as superoxide anion
(O27), nitric oxide (NO) and other reactive oxygen (ROS)

and nitrogen species (RNS) which cause DNA damage
and the alteration of gene expressions in both a hamster
animal model and humans (Jaiswal et al., 2000; Pinlaor
et al.,2003; Thanan et al., 2008; Yongvanit et al., 2012b).
Regarding to the molecular mechanism underlining CCA
progression, there are some studies have demonstrated
aberrant expression of potential genes involving in CCA
(Kunlabut et al.,2012; Namwat et al.,2012; Thongchot et
al.,2014). In addition, several studies show that oxidative
DNA damage plays a role in not only DNA mutation but
also genetic instability and epigenetic changes which
could be involved in all steps of inflammation-related
carcinogenesis (Murata et al., 2012).

The cytochrome P450 enzymes (CYP), a family of
mono-oxygenase enzymes that metabolize endogenous
substances including vitamins, steroids, fatty acids and
prostaglandins also play a crucial role in metabolizing
xenobiotics to be in either detoxified forms or to be
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harmful reactive intermediates, including carcinogens
(Simpson, 1997). Certain CYP enzymes, for instance
CYP2A6 which is a major liver enzyme that biotransforms
N-nitrosodimethyl amine (NDMA) into a carcinogen
was previously shown to have increased activity in
subjects infected with O. viverrini (Satarug et al., 1996).
Increased CYP2A6 expression and activity were also
found in chronic inflammation-related disease including
hepatocellular, bronchogenic, esophageal carcinomas
and CCA (Crawford et al., 1998; Raunio et al., 1998;
Godoy et al., 2002; Yongvanit et al., 2012a). Decreased
activity of CYP enzymes has been found to be associated
with oxidative stress, for example, CYP2E1 in CCA
(Yongvanit et al., 2012a) and HCC (Ho et al., 2004).
CYP39A1,a steroid 7a-hydroxylation enzyme, is capable
of metabolizing 24-hydroxycholesterol (24-OH) which
is a cholesterol oxidation product (Li-Hawkins et al.,
2000). In cancer, it has been reported that CYP39A1 was
hypermethylated in ovarian tumor (Huang et al., 2009b).

On the other hand, 24-hydroxycholesterol (24-OH)
plays important roles in the inflammatory response and
oxidative stress. An experimental study reported an
adverse effect of 24-OH on primary human neural cells via
the significant induction of inflammatory gene expressions
such as HSP70,COX-2,cPLA2 and beta-APP genes when
compared to cholesterol stimulation (Alexandrov et al.,
2005). Additionally, 24-OH significantly induces ROS
production determined in primary porcine retinal pigment
epithelial cells. (Joffre et al., 2007).

It is accepted that inflammation and oxidative stress
play significant roles in inflammatory diseases including
liver fluke-associated CCA (Yongvanit et al., 2012b).
We recently determined oxidized alpha-1 antitrypsin (ox-
A1AT) expression in human serum of CCA patients. Our
results identified ox-A1AT as a potential risk indicator for
opisthorchiasis-associated CCA which could be used as
an oxidative stress biomarker in O. viverrini-associated
CCA (Jamnongkan et al., 2013). In the current study,
we hypothesize that there is an alteration of CYP39A1
expression in CCA, which might enhance the tumor
progression. The gene expression pattern of CYP39A1
was investigated in order to address clinico-pathological
associations. The underlying mechanism(s) of alteration
of CYP39A1 expression governed by its transcription
activator RUNX2 was investigated. In addition, ox-A1AT
was also investigated in CCA to show the correlation of
oxidative stress in alteration of CYP39A1 expression. We
also confirmed whether 24-OH could induce ox-A1AT, an
oxidative stress marker in CCA cell line.

Materials and Methods

Human CCA specimens

The 30 paraffin-embedded tissues collected from
primary tumors of CCA patients were obtained from the
specimen bank of the Liver Fluke and Cholangiocarcinoma
Research Center, Faculty of Medicine, Khon Kaen
University, Thailand during 2004-2011. Informed consent
was obtained from each patient prior to surgery and the
Ethics Committee for Human Research at Khon Kaen
University approved the research protocols (HE521209

10188 A4sian Pacific Journal of Cancer Prevention, Vol 15, 2014

and HES31163).

Immunohistochemical analysis

The expression of CYP39A1, RUNX2 andox-
A1AT in paraffin-embedded tissues was determined
by immunohistochemical staining. The sections were
deparaffinized and rehydrated by submerging respectively
in xylene and ethanol with stepwise decreasing
concentrations. For antigen retrieval, the sections were
boiled in Tris-EDTA buffer (pH 9.0) and left to cool down
for 20 min. Tissue sections were treated with 0.3% H202 in
phosphate-buffered saline (PBS) to block the endogenous
peroxidase activity, subsequently treated with 10% skim
milk for non-specific binding blocking. The sections
were incubated with primary antibodies against human
CYP39A1 (1:200, rabbit polyclonal antibody; Sigma
chemical, USA), RUNX2 (1:200, mouse monoclonal
antibody; Abcam, USA) and oxA1AT (1:100, mouse
monoclonal antibody; Ikagaku Co. Ltd, Kyoto, Japan)
at 4°C for overnight incubation. Subsequently, sections
were incubated with peroxidase-conjugated Envision™
secondary antibody (DAKO ,Glostrup, Denmark) at room
temperature for l1h. Peroxidase activity was observed
using 3, 3’-diaminobenzidine tetrahydrochloride (DAB)
as a substrate. The sections were counterstained with
hematoxylin, dehydrated with stepwise increasing
concentrations of ethanol, cleared with xylene and
mounted with permount solution. Protein staining was
evaluated by calculating a total immunostaining index
(IHC index) as the product of a frequency and intensity
score by two independent observers blinded to the protein
type under analysis. The proportion score described the
estimated fraction of positive stained tumor cells (0=
none; 1= 1-25%; 2= 26-50%; 3= 51-75%; 4=76%). The
intensity score represented the estimated staining intensity
(O=negative staining; 1= weak; 2= moderate; 3= strong)
(Thanan et al., 2012a). These scores were calculated by
multiplying the frequency score and intensity score. The
mean of IHC index was defined as the cut-off value of
low and high expression.

Cell lines and cell culture

M214 CCA cell line was cultured in Ham F’12
(Invitrogen, CA, USA) supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 g/ml
streptomycin and incubated at 37°C in a humidified
incubator maintained with an atmosphere of 5% CO2.
Subculture was done when the cell reached the confluent
stage and the media were changed once every two to
three day.

Immunocytochemical analysis

Immunocytochemical analysis was used to determine
whether 24-OH could induce oxidative stress condition
in CCA cell line. Cells were plated on slide chamber and
treated with 24-OH (Enzo Life Sciences, Inc.USA) at
concentrations of 6.25 and 12.5 mM. After incubation,
cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% (v/v) Triton X-100. Fixed cells
were then incubated with antibodies specific for ox-A1AT
followed by secondary antibodies conjugated with Alexa
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Table 1. Immunihistochemical Analysis and Clinicopathological Data of CCA Patients

CYP39A1 expression (%) RUNX2 expression (%)

Ox-A1AT expression (%)

Variable No. of patients Low High P value Low High P value Low High  Pvalue
21 (70%) 9 (30%) 11 (37%) 19 (63%) 23 (77%) 7 (23%)
Age (Year)
<56 15 10 (67%) 5(33%) 1 6 (40%) 9 (60%) 1 13 (87%) 2 (13%) 0.39
> 56 15 11 (73%) 4 (29%) 5(33%) 10 (67%) 10 (67%) 5(33%)
Gender
Female 12 10 (83%) 2 (17%) 0.249 8 (67%) 4 (33%) 0.009* 8 (67%) 4 (33%) 0.392
Male 18 11 (61%) 7 (39%) 3 (17%) 15 (83%) 15 (83%) 3 (17%)
Histological grading
Non-papillary 13 9 (69%) 4 (31%) 1 4 (31%) 9 (69%) 0.708 10 (77%) 3 (23%) 1
Papillary 17 12 (71%) 5(29%) 7 (41%) 10 (59%) 13 (76%) 4 (24%)
Metastasis stage
Non-metastasis 16 8 (50%) 8 (50%) 0017% 4 (25%) 12 (75%) 0.257 14 (87%) 2 (13%) 0.204
Metastasis 14 13 (93%) 1 (7%) 7 (50%) 7 (50%) 9 (64%) 5 (36%)

*#P<0.05 was considered statistically significant

CCA
i Low exﬁpression

Normal bile duct
in CCA tissue

”High expression

CYP39A1:

Figure 1. Immunohistochemical analysis of CYP39A1,
RUNX2 and ox-A1AT in normal bile duct, which shows
negative staining, whereas in CCA tissue shows positive
immunoactivity that could be grouped into high and
low expression. Original magnification is x400 for normal
bile duct and CCA tissues. Scale bars=50um

Table 2. Correlation between Expression of CYP39A1
and its Regulator, RUNX2 and an Oxidative Protein
Marker, 0x-A1AT in Tumor Tissues of CCA Patients
Demonstrated by Inmunohistochemical Staining

Factors CYP39A1 RUNX2 Ox-AlAT
CYP39A1 1 0.498 -0.361
Pearson correlation Sig. (2-tailed) - 0.005 0.05

N 30 30 30
RUNX2

Pearson correlation 0.498 1 -0.562

Sig. (2-tailed) 0.005* - 0.001*

N 30 30 30
ox-Al1AT

Pearson correlation -0.361 -0.562 1

Sig. (2-tailed) 0.050* 0.001* -

N 30 30 30

*P<0.05 was considered statistically significant

fluor 555 for 1 hr. Preparations were mounted on slides
with DAPI for nuclear staining and examined using a
fluorescence microscope with a 40x objective lens.

Statistics

Statistical analysis was performed using SPSS software
version 17 (IBM Corporation, NY, USA). The association
of protein expression in CCA tissues and patients’clinico-
pathological parameters assessed by Fisher’s exact test

was analyzed. The survival analysis was performed using
Kaplan-Meier with Log-rank test. Correlations between
CYP39A1,RUNX2 and ox- A1AT level in all groups were
determined by Pearson’s correlation analysis. A P-value
less than 0.05 was considered statistically significant.

Results

BExpressions of CYP39A1, RUNX2 and ox-AIAT in
human CCA tissues in relation to clinicopathological
features

As shown in Table 1, results of immunohistochemical
staining revealed high expressions of CYP39A1,RUNX?2
and ox-A1AT were 30% (9/30), 63% (19/30) and 23%
(7/30) of cases, respectively. In Figure 1, a strong
expression of those proteins was detected in tumor cells
and hepatocytes. RUNX2 was detected only in nuclei of
CCA cells. The low expression of CYP39A1,RUNX2 and
ox-A1AT was 70% (21/30),37% (19/30) and 77% (23/30)
of cases, respectively. Normal bile duct epithelia residing
in non-tumor adjacent tissues showed weak staining
in CYP39A1, RUNX2 and ox-A1AT for most cases.
Among liver sections of 30 patients with intrahepatic
CCA examined, 18 (60%) cases were male and 12 (40%)
cases were female. The age of patients ranged from years
37-73 old (median age=56.5 years). In this study, the CCA
histological types were classified as the papillary type of
57% (17/30) cases and tubular type of 43% (13/30) cases.
CCA metastatic stage were classified as the metastasis of
47% (14/30) cases and non-metastasis of 53% (16/30)
cases, Fisher’s exact test showed a significant negative
correlation between high CYP39A1 expression with
tumor metastasis (p=0.017). Age, sex and histological
grade did not show any association with CYP39A1 and
0x-A1AT (Table 1). Notably, high expression of RUNX2
was significantly correlated with male gender (p=0.009).
InTable 2, CYP39A1 expression was positively correlated
with RUNX2 expression (r=0.498, p=0.005) but
negatively correlated with ox-A1AT (r=-0.361, p=0.050)
and RUNX2 expression was negatively correlated with
0x-A1AT expression (r=-0.562, p=0.001).

Expressions of CYP39A1, RUNX2 and ox-AIAT and
survival in CCA patients
The Kaplan-Meier method with log rank test showed
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Table 3. Multivariate analysis by the COX proportional hazard regression model

Variable Adjusted 95% Pvalue Adjusted 95% P value Adjusted 95% P value

Hazard confidence Hazard confidence Hazard  confidence

ratio interval ratio interval ratio interval

CYP39A1 RUNX2 0x-A1AT
Low 1 0.108-0.933 0.037 0.071-0.732 0.013 1 1.081-10.479 0.036
High 0318 0.228 3.365
Age (Year)
<56 1 0.368-2.518 0.938 0.467-3.064 0.71 1 0.280-2.156 0.628
> 56 0.963 1.196 0.777
Gender
Female 1 0.391-2.285 0.9 0.159-1.562 0.232 1 0.332-2.091 0.697
Male 0.945 0.499 0.833
Histological grading
Non-papillary 1 0.889-5.916 0.086 0.866-6.587 0.092 1 0.705-5.129 0.204
Papillary 2.293 2.389 1.902
Metastasis stage
Non-metastasis 1 0.424-2.842 0.848 0.760-3.998 0.189 1 0.782-3.976 0.171
Metastasis 1.097 1.744 1.764

*#P<0.05 was considered statistically significant

cypaoa1 | By

.+ Low expression
-7 High expression

P=0.019

Ox-A1AT

- Low expression
+* High expression

P=0.026

Time (days) Time (day) T (doys)

Figure 2. Comparison of survival in CCA tissue
of patients, whose tumors showed high and low
expression of CYP39A1 (log-rank test p=0.019) A);
RUNX2 (log-rank test p= 0.036) B); and ox-A1AT
(log-rank test p=0.026) C). Patients with low expression
of the three proteins show the higher survival days than
those with high expressions

24-OH 6.25 uM 24-OH 12.5uM

Control

ox-A1AT

Figure 3. The immunofluoresence assay was performed
to investigate the level of 0x-A1AT switching in 24-OH-
induced M214 cell lines. M214 cell lines were treated
with 0 uM as control A), 6.25uM B) and 12.5uM C)
respectively. The production of ox-A1AT increased after
induction with increasing concentration of stimuli when
compared to untreated

that CCA patients who had low expression of CYP39A1
and RUNX2 had significantly shorter survival (p=0.019
and p=0.036, respectively) when compared with patients
who had high expression of those proteins (Figure 2). In
contrast, low expression of ox-Al1AT in CCA patients
had significantly longer survival (p=0.026). Multivariate
analysis was performed using the Cox proportional
hazards model to investigate the independent value of
each factor to predict overall survival. In Table 3, the
result showed that CYP39A1 (hazard ratio, 0.318; 95%
confidence interval, 0.108-0.933; p=0.037) and RUNX2
(hazard ratio, 0.228; 95% confidence interval, 0.071-
0.732; p=0.013) remained significantly independently
protective with the prognostic model whereas ox-A1AT
(hazard ratio, 3.365; 95% confidence interval, 1.081-
10.479; p=0.036) were independent prognostic risk factors
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Figure 4. Proposed mechanism linking the altered
expressions of RUNX2 and CYP39Al1, that affects
24-OH level and oxidative stress in relation to CCA
progression

for overall survival.

24-OH-induced ox-AI1AT expression in CCA cell line

After 24 h incubation, 24-OH-induced M214 CCA
cells significantly increased ox-A1AT, oxidative stress
marker expression as dose dependent manner determined
by immunocytochemistry analysis (Figure 3). This
evidence suggests that 24-OH is involved in inflammatory-
associated CCA.

Discussion

The cytochrome enzyme CYP39A1 (oxysterol
7o-hydroxylase) preferentially catalyzes the
7o-hydroxylation of 24-OH (Li-Hawkins et al., 2000)
and the presence of CYP39A1 has been reported only
in the liver (Bjorkhem et al., 1998). The major brain
cholesterol metabolite 24-OH (Lutjohann et al., 1996)
which is eliminated in the liver is catalyzed by CYP39A1
and CYP7A1 (Bjorkhem et al.,2006). It has been reported
to be involved in the pathogenesis of Alzheimer’s disease,
which has an accumulation of oxidative brain damage
(Bjorkhem et al., 2006). In cancer, CYP39A1 has been
found to be hypermethylated in ovarian cancers as well as
being related to poor prognosis (Huang et al., 2009). To
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date the presence of CYP39A1 or its metabolite 24-OH
has not been elucidated in CCA. In this study, we revealed
that CYP39A1 showed low expression in most of CCA
patients. Interestingly, CCA patients with high CYP39A1
expression in their tumor tissues had longer survival
than patients with low expression. In addition, high
expression of CYP39A1 was well-correlated with non-
tumor metastasis status. These data suggest that CYP39A1
might be a promising protective-prognostic factor and
altered expression of CYP39A1 might play roles in CCA
progression, possibly leading to the accumulation of
24-OH. The molecular mechanism by which CYP39A1
expression is regulated and its role in CCA genesis and
progression as well as the level of 24-OH in CCA requires
further comprehensive investigation.

We demonstrated that CYP39A1 showed a positive
correlation with RUNX2. In addition, patients with
high RUNX2 expression had longer survival than those
with low expression, suggesting a role in the prognostic
indication for CCA. In contrast to ox-A1AT, patients with
high ox-A1AT expression had shorter survival than those
with low expression. It has been known that RUNX2
controls genes involved in sterol/steroid metabolism,
including Cypllal, Cyp39al, Cyp51, Lss, and Dher7,
discovered in murine osteoprogenitor cells (Teplyuk et
al., 2009). In addition, the tumor suppression property
of RUNX2 has been reported in breast cancer cell lines
in blocking the effect of estradiol, resulting in inhibiting
tumor growth (Chimge et al., 2012). Notably, we found
that high expression of RUNX2 in CCA was significantly
related with male than female gender. Previously, estrogen
level in male CCA patients’ sera was shown to increase
and correlated with clinical presentations (Hunsawong
et al.,2012).

The oxidative damage occurs frequently in CCA. CCA
patients who had high oxidative stress via protein damage
formation significantly correlated with poor prognosis
while low oxidative stress could be related with good
prognosis (Thanan et al., 2012b). An oxidative damage
marker, ox-A1AT, has been found to be highly expressed
in CCA tissues (Jamnongkan et al., 2013). Our result
demonstrated that ox-A1AT was highly expressed in
CCA tissues and correlated with shorter patient survival.
In addition, low CYP39A1 and RUNX2 expressions were
positively correlated with high expression of 0x-A1AT in
CCA tissues. This implies that patients who present with
low CYP39A1 and RUNX2 expression can have poorer
prognosis than those who have high expressions due to
the oxidative damage in CCA tissues which may enhance
tumor progression.

In conclusion, significant roles of CYP39A1 and
RUNX2 were confirmed in CCA clinical samples,
suggesting that low expressions of those proteins were
significantly related with high oxidative stress and
correlated with poor prognosis and they could serve as
a prognostic indicator of CCA. The cause and effect of
24-OH accumulation driven by the aberrant expression
of these investigated proteins is depicted in Figure 4.
The underlying mechanism by which CYP39A1 and
RUNX?2 are involved in the genesis of CCA requires
further investigated.
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Abstract

Oxysterols are reported to have inflammatory, cytotoxic and carcinogenic effects. We
hypothesized that oxysterols in the hepatobiliary system play a role in the development of
cholangiocarcinoma (CCA). The aim of this study was to characterize and quantify
oxysterols in livers and gallbladder bile from patients with CCA and compare to patients
without CCA using gas chromatography/mass spectrometry. Seven oxysterols were found in
livers and gallbladder bile: 7-keto-cholesta-3,5-diene , 7p-hydroxycholesterol (73-OH), 5,6-
epoxycholesterol (Epoxy), 3-keto-cholest-4-ene (3K4), cholestane-3p3-5a-6p3-triol (Triol), 7-
ketocholesterol (7-keto), 24-hydroxycholesterol (24-OH). Increased levels of 73-OH, 3K4
and Epoxy were found in CCA tissue compared to patients with hepatocellular carcinoma and
to cadaveric donors without liver disease. Significantly higher levels of 73-OH, Epoxy and
7-keto were found both in CCA tissue and bile from CCA patients compared to livers and
bile from patients with benign biliary diseases. Notably, CCA patients with high levels of
24-OH in their livers and in gallbladder bile had significantly reduced survival.
Expression of CYP46A1, the enzyme responsible for synthesis of 24-OH, was significantly
higher in CCA tissue. These findings support the hypothesis that specific hepatobiliary

oxysterols are involved in the development of CCA.



Introduction

Oxysterols are derived from either enzymatic or non-enzymatic oxidation of
cholesterol (1, 2). The chemical structures of oxysterols vary depending upon the number
and position of oxygenated functional groups, and include hydroxy-, keto-, hydroxyperoxy-,
and epoxy forms. Enzymatic pathways of oxysterol production mainly involve cytochrome
P450 family enzymes. Examples include 27-hydroxylase (CYP27A1), the key enzyme in the
alternative bile acid synthesis pathway which leads to the production of 27-
hydroxycholesterol (3); and 7a-hydroxylase (CYP7A), the rate limiting enzyme in the
classical bile acid synthesis pathway that leads to the production of 7a-hydroxycholesterol.
Other oxysterols are produced by non-enzymatic oxidation (or auto-oxidation), a process that
involves reactive oxygen species (ROS) and reactive nitrogen species (RNS). Examples of
ROS that participate in non-enzymatic oxidation of cholesterol include hydroxyl radical
(‘OH), hydrogen peroxide (H20,), singlet oxygen (*O,) and ozone (Os) (4, 5). 7a-
hydroperoxycholesterol is an example of a product of non-enzymatic oxidation of cholesterol,
which can be further oxidized by non-enzymatic and enzymatic means.

Numerous in vivo and in vitro studies have described biological effects of oxysterols
(6). Oxysterols act as intermediates in cholesterol catabolism (e.g. in bile acid synthesis) and
are therefore involved in the elimination of excess cholesterol from the body. As oxysterols
possess more hydrophilic moieties compared to the parent cholesterol molecule, they can
pass more easily through cell membranes. Cholesterol removal from the brain is achieved via
oxidation to 24-hydroxycholesterol (24-OH) by 24-hydroxylase (CYP46A1), with the 24-OH
able to traverse the blood-brain barrier and be further metabolized by the P450 family
enzymes CYP39A1 and CYP7AL in the liver (7). Altered expression and/or function of these

enzymes may affect oxysterol levels.



Many species of oxysterols have been identified in human tissues and plasma (8).
High concentrations are found in atheromatous plaques (9), suggesting a role in the initiation
of inflammation and progression of atherosclerosis in humans. Specific oxysterols have
been found in various cancers, such as lung and colon (10, 11). Certain oxysterols were
identified in gallstones and gallbladder bile (12). A previous study showed that hepatic bile
from patients with biliary tract infection contained significantly higher levels of oxysterols
than did such bile from patients without biliary tract infection (13). Various oxysterols have
been described in human bile, some of which were proposed to be involved in the
pathogenesis of biliary tract diseases and gallstones. Certain biliary oxysterols were reported
to be involved in carcinogenesis in cholangiocytes (14). However, little is known about the
types and concentrations of oxysterols in bile and hepatic tissue of patients with CCA.
Materials and methods
Chemicals

7-keto-cholesta-3,5-diene (7KD), 7B-hydroxycholesterol (73-OH), 5,6-
epoxycholesterol (Epoxy), 3-keto-cholest-4-ene (3K4), cholestane-3p-5a-63-triol (Triol), 7-
ketocholesterol (7-keto), 24-hydroxycholesterol (24-OH), and B-sitosterol were purchased
from Steraloids (Newport, RI). Erythrodiol was purchased from Sigma-Aldrich.
Patients and sample collection

Liver tissue and gallbladder bile samples were collected from patients who
underwent liver resection at Srinagarind Hospital, Khon Kaen, Thailand. Fifty-two
tissue samples were collected, including seven samples from cadaveric donors, seven samples
from patients with hepatocellular carcinoma (HCC), and 38 samples from CCA patients.
Liver tissues were collected during surgery then immediately snap frozen in liquid nitrogen
and stored at -80°C until use. For gallbladder bile collection, 10-15 ml of bile was collected

via gallbladder puncture. Samples were supplemented with 100 ppm of butylated



hydroxytoluene and flushed with nitrogen to prevent autooxidation, then stored at -80°C until
use. There were 48 bile samples collected, including 10 samples from patients with benign
biliary diseases (bile duct dysplasia, cholangitis, cystadenoma, and bile duct stones). The
diagnosis was based on clinical information, ultrasonography, and histological findings.
Blood collection and analysis of biochemical tests were performed before the operation.
Informed consent was obtained from each subject. The Khon Kaen University Ethics
Committee for human research approved the research protocol (HE 531163).
Oxysterol analysis

Oxysterol concentrations in human livers and gallbladder were analyzed by gas
chromatography/mass spectrometry (GC/MS) as described previously (12) with
modifications. In brief, the lipid fraction of liver tissue was extracted with
chloroform/methanol (C/M) 2:1 containing the internal standard at room temperature. f3-
sitosterol and erythrodiol (Sigma-Aldrich, USA) were used as internal standards for oxysterol
analysis in tissue and bile, respectively. The solvent was removed, dried and the residue was
saponified at room temperature overnight with 2 N methanolic KOH. Nonsaponifiable lipids
were extracted twice with diethyl ether; the combined extracts were then washed with
distilled water. The ether was evaporated and the residue converted to the TMS derivative
with BSTFA/pyridine Sigma. The solvent was evaporated and the sample was taken up in
200 pl of hexane. One pl of sample was injected into a Shimadzu QP2010 plus equipped
with a 60m DB-5MS column.. Oven temperature was 215°C for 2 minutes, then 6°C/min to
290°C and 5°C/min to 320°C with 6 minutes at final temperature. Sterol derivatives were
eluted at 21.5-26.5 min, and spectra were identified by comparison with authentic standards
(Steraloids, Rhode Island, USA) and with the NIST library of spectra and the Wiley Registry
of Mass Spectra, 7th edition. Standard curves were constructed and the contents in each

sample were quantified.



Isolation of total RNA and Tagman® real-time polymerase chain reaction

Total RNA was isolated from seven cadaveric donors and 20 CCA patients. Total
RNA was extracted using AllPrep® DNA/RNA/Protein Kit (Qiagen, CA). Real time RT-
PCR was performed using TagMan® Gene Expression assay kit and the ABI 7500 real time
PCR system (Applied Biosystems, Foster City, CA). The first-strand cDNA was synthesized
from 2 ug of total RNA using SuperScript™ 111 (Invitrogen, NY). TagMan® PCR primers
and probes for cytochrome P450 family 46 subfamily A, polypeptide 1 (CYP46)
(Hs01042347_m1) and B-actin were used in this experiment (Applied Biosystems, Foster
City, CA). The TagMan® Probes were labeled with quencher and reporter dyes. The
reporter dye of targeted TagMan® Probes in this experiment was labeled with FAM dye
whereas B-actin probe was labeled with VIC dye. Briefly, single stranded cDNA was
diluted with DEPC-treated water then subjected to mix with TagMan® Master Mix and
further mixed with TagMan® Probe for specific targeted genes. The PCR reaction was
performed at 2 steps PCR reaction including (i) step 1 at 50 °C for 2 min and 95 °C for 10
min for beginning of the hot start DNA polymerase, and (ii) step 2 at 95 °C for 15 sec for
denaturing DNA to single strand and unfolding secondary form to primary structure of DNA
then the temperature was decreased to 60 °C for 1 min for annealing of primer and DNA as
well as DNA polymerase chain reaction; this stage was performed for 40 cycles.
Immunohistochemistry detection of CYP46A1

CYP46AL1 protein was detected on the paraffin-embedded sections using standard
immunohistochemistry protocols. In brief, the antigen were retrieved by using pressure
boiler in 10 mM sodium citrate buffer pH6.0 and endogenous peroxidase was blocked with
0.3% H20, (v/v) in 95 % ethanol. After non-specific blocking, slides were incubated with a
1:200 dilution of rabbit polyclonal anti-CYP46A1 antibody (Abnova, Taiwan) overnight in a

humidified chamber at 4 °C. Sections were incubated with peroxidase-conjugated Envision



secondary antibodies (Dako, Glostrup, Denmark) and peroxidase activity visualized with
diaminobenzidine solution. Hematoxylin was employed for counterstaining. The staining
frequency of proteins was semiquantitatively scored based on the percentages of positive
cells, as follows: 0 %=negative, 1-25 %=1, 26-50 %=2, and >50 %=3. The intensity of
protein staining was scored as weak=1, moderate=2, and strong=3. The
immunohistochemical scores were calculated by multiplying the frequency score with the
intensity score.
Statistics

Biochemical tests, oxysterols and RNA expression were expressed as mean + SD and
statistically analyzed using one-way ANOVA. Bivariate Pearson correlation was used to
study the correlation between the level of oxysterols and biochemical characteristic tests.
The survival analysis was performed using Kaplan-Meier with Log-rank test. P-value <
0.05 was considered statistically significant.

Results

Case demographics and laboratory characteristics

Among 52 samples of liver tissue, seven cases were identified as normal liver tissues
from cadaveric donors, seven cases as HCC and 38 cases as CCA. In addition, 48 samples of
gallbladder bile were collected. There were 10 cases of benign biliary disease, five cases of
HCC and 33 cases of CCA. The male to female ratio was 2.3:1 and the average age was 57.1
years (range 35-77 years) (Table 1).

Levels of cholesterol, total bilirubin, direct bilirubin, albumin, globulin and white
blood cell, alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline

phosphatase (ALP) were not statistically different in all groups (Table 2).



Oxysterol profiles in liver tissue and gallbladder bile

Table 3 shows the levels of each oxysterol identified in normal liver tissues from
cadaveric donors and tumor tissues from HCC and CCA patients. Seven types of oxysterols,
including 7KD, 73-OH, 3K4, Epoxy, Triol, 7-keto and 24-OH, were found in both normal
liver tissues and tumor tissues. There was a significant increase in the levels of 78-OH, 3K4
and Epoxy in CCA compared to normal liver tissue. The levels of 78-OH in normal liver,
HCC and CCA were 4.1 + 5.6, 32.9 £ 22.5 and 80.9 + 99.3 ug/g of tissue, respectively. The
levels of 3K4 were 29.6 + 47.4, 266.7 = 40.5 and 394.4 + 415.1 pg/g of tissue, respectively.
The levels of Epoxy were 257.9 £ 255.2, 567.7 £ 105.5 and 739.1 + 398.5 pg/g of tissue,
respectively. In addition, higher levels of 7KD, Triol, 7-keto and 24-OH were found in the
CCA groups compared to normal liver and HCC, although these differences were not
statistically significant.

In the CCA group, levels of oxysterols in normal adjacent tissues were also
determined. Significant differences in the levels of 7KD, 7p3-OH, Epoxy, Triol and 7-keto in
normal adjacent tissues versus tumor tissue were not observed (data not shown).
Interestingly, significantly increased levels of 24-OH and 3K4 were found in CCA tumor
tissue compared to normal adjacent tissue (Figure 1).

Level of oxysterols in gallbladder bile was analyzed in patients with benign biliary
diseases, HCC and CCA (Table 4). Seven oxysterols were also identified in gallbladder bile.
Significantly higher levels of 78-OH, Epoxy and 7-keto were observed in bile from CCA
patients compared to bile from patients with benign biliary diseases (8.6 = 1.6 vs 2.2 = 1.0;
155.0 £28.9 vs 30.4 £ 10.3; 49.8 + 8.3 vs 19.8 + 7.3 ug/ml, respectively). Notably, Epoxy
levels in bile from HCC patients was significantly increased compared to levels in bile from

patients with benign biliary diseases (245.7 + 58.3 vs 30.4 + 10.3 ug/ml).



Correlation of 24-OH level and the expression of its metabolizing enzyme (CYP46Al) in
CCA

A comparison of all oxysterol levels with clinico-pathological data and cumulative
survival was performed. The sole significant correlation was found with respect to the levels
of 24-OH. The correlation between 24-OH levels, clinico-pathological findings and
cumulative survival was analyzed. Histological review showed 21 cases of papillary type
(58%). A significant correlation between 24-OH levels and histological grading was
observed (P=0.05). Twelve of 21 patients with a low level of 24-OH were diagnosed with
the papillary type (Table 5).

Cumulative survival was compared between CCA patients with low and high levels of
24-OH. Log-rank analysis indicated that CCA patients with high levels of 24-OH had
significantly lower survival than patients with low levels of 24-OH in both tissue and
gallbladder bile, as depicted in figure 2.

A multivariate progression analysis based on the Cox proportional hazard model was
performed to analyze the independent value of each parameter predicting overall survival
(Table 6). Factors that may affect survival were included in the model. In this analysis, only
24-OH level in tumor tissue (P=0.045) proved to be an independent prognostic survival
factor in CCA. CCA patients who had high levels of 24-OH had a 3-fold higher risk of death
compared to patients who had low 24-OH levels.

We also determined the expression of CYP46A1, the enzyme that is responsible for
synthesis of 24-OH. We observed increased expression of CYP46A1 mRNA and protein in
CCA tumor tissue compared to normal tissue from cadaveric donors. Among the liver

sections of 34 patients with CCA, 27 cases showed high CYP46A1 staining (Figure 3).
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Discussion

There is increasing interest in the biological functions of oxidative products of
cholesterol, but it is surprising that so little is known about hepatobiliary oxysterols in the
setting of cancers of the hepatobiliary system. We have profiled oxysterols in liver tissue and
gallbladder bile from patients with CCA. Seven oxysterols--7KD, 73-OH, 3K4, Epoxy,
Triol, 7-keto, and 24-OH--were identified in normal human liver and hepatobiliary cancer
tissue. Similar oxysterol species were found in gallbladder bile. Several other sterols were
also present in tissue and bile. These include plant and fungal sterols (stigmasterol,
lanosterol, stigmast-5-ene-3-ol and ergost-5-ene-3-ol).

Among oxysterols identified in our study, several were previously found in high
concentrations in the hepatobiliary system. Oxysterols were found in human hepatic bile,
with 73-OH present at significantly higher concentrations in infected compared to uninfected
bile. The levels of 78-OH, Triol, 3K4 and 7-keto were also positively correlated with C-
reactive protein levels (13). Haigh et al. (2006) demonstrated that human leukocytes,
activated by the presence of bacterial lipopolysaccharide, oxidized cholesterol to a variety of
oxysterols, including 3K4, 7KD, 78-OH and 7-keto. GC/MS identified 3K4 and 3keto-4,6
diene in bile and stone samples. Markedly higher levels of these oxysterols were found in
pigment gallstones, where bacterial DNA is most abundant. Moreover, we previously
reported increasing levels of Triol and 3K4 in Ov-associated hamster CCA, and higher levels
of these oxysterols have been hypothesized to be involved with inflammation (15). These
observations suggest that biliary oxysterols are associated with the presence of bacteria and
may play a role in the pathogenesis of gallstones and biliary tract cancers.

One concern is that oxysterols may be artifacts due to autooxidation that occurs
during collection and extraction procedures, or are generated during the gas chromatography

analysis. 7KD and 7-keto can be generated by autooxidation and thermal dehydration in the
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injection port (6). Thus, we used solvents containing the antioxidant BHT and procedures
were carried out under nitrogen. Pure standards processed through the same steps showed no
autooxidation. Some samples in our study were processed in an identical manner but did not
yield oxysterols. These observations suggest that oxysterol species found in this study were
not artifacts but endogenous oxidized products of cholesterol formed in vivo.

Among the seven oxysterols reported in this study, we found only one, 24-OH, which
is synthesized through an enzymatic pathway. 24-OH, synthesized in the brain in order to
remove cholesterol, is metabolized by the liver into bile acids. This mechanism involves
oxidation of cholesterol by CYP46AL1, the product then passes through the blood-brain
barrier (16). Although several studies describe the effects of 24-OH accumulation in the
pathogenesis of inflammatory brain diseases, little is known about its role in the
hepatobiliary system. We found high levels of 24-OH in CCA tumor tissue and bile
compared to cadaveric donors and HCC, although these differences were not statistically
significant. This may be due to high variation between individuals, as four cases in the CCA
group did not have measurable 24-OH. However, significantly increased 24-OH levels were
found in tumor tissue compared to normal adjacent tissue (P<0.05). In addition, the
significant finding in this study is the correlation of 24-OH level and five-year survival rate in
CCA patients. CCA patients with low levels of 24-OH showed significantly longer survival
than patient with high levels of 24-OH. Moreover, we proposed that alteration of CYP46A1
activity may affect oxysterol level. Increased CYP46AL1 expression in CCA patients may
contribute to accumulation of 24-OH. Thus, the potential role of 24-OH in
cholangiocarcinogenesis should be investigated further.

In conclusion, we profiled oxysterols in human CCA tissue and gallbladder bile and
compared these results to liver tissues and bile obtained from normal liver, bile from patients

with benign biliary diseases, and liver tissue from patients with HCC. Differences in
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oxysterol levels in the cancer groups versus benign or normal samples were found. Some
oxysterols found in our model have been previously proposed to be carcinogenic. Moreover,
we provide the first report of 24-OH levels in the hepatobiliary system along with mRNA
expression data on its metabolizing enzyme, CYP46A1. We propose that alteration of
CYP46A1 expression and high 24-OH levels are involved in the pathological processes
that lead to biliary tract cancer. Changes in hepatic and biliary oxysterol levels may be
involved in cholangiocarcinogenesis. The mechanistic basis for the role of specific
hepatobiliary oxysterols in the development and progression of cholangiocarcinoma remains

to be elucidated.
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Table 1. Case demographics

Category

No. of Samples

Age (years) 57.1+ 8.4
(range 35-77)
Sex (Male:Female ratio) 2.3:1
Liver tissue
- Cadaveric donor
- Hepatocellular carcinoma
- CCA
Gallbladder bile
- Benign biliary diseases
- Hepatocellular carcinoma
-CCA

52

38
48
10

33
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Table 2. Biochemical characteristics

Groups (Mean + SD)

Biochemical _
parameters Benign
(Normal range) biliary HCC CCA
diseases
(120;_"2)'665 trirg/lm) 175£243  149.7+67.8 1811535
(3./?3‘!t5)l.J4mg:/ndl) 3.5+0.8 3.4+1.1 3.9+0.6
(zggwg/nm) 4109 4.1%1 4.2+0.9
oo e 18:15  27:39 28468
D('Oreg%br'ggfdki;” 0.8+1.2 1.9+3 2158
: el Ly 470288 3054140 5574601
(12_2‘5 L Ly 653566 5137 73.9:1086
( el Ly 2276+147  BB3:30  2049:1304
(4.6\f\$_%/m) 89+32 145493 104433
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Table 3. Level of oxysterols in liver tissue

Level of oxysterols (ug/g of tissue)

Oxysterol Cadaveric donor
(n=7)

7KD 10.7 £18.8 64.2 £ 107.9
7B-OH 41+56 329+ 225 80.9+99.3°

3K4 29.6+47.4 266.7 +40.5 394.4 +415.1°
Epoxy 257.9 £ 255.2 739.1+398.5°

Triol 0.7£18 19.6 £34.2
7-keto 139.1+142.9 1159+58.3 221.5+138.5
24-OH 0.15+0.3 99.13 £ 164.3

% p < 0.05 one way ANOVA analysis; CCA vs Cadaveric donor

N.D.; Not detected



Table 4. Level of oxysterols in gallbladder bile

Level of oxysterol (ug/ml)

Oxysterol

Benign biliary disease HCC CCA
(n=10) (n=4) (n=33)
7KD N.D. N.D. 0.1+0.8
7B-OH 22+1.0 3.0+24 8.6 +1.6°
3K4 12.7+11.2 N.D. 18.0 +8.7
Epoxy 30.4+10.3 245.7+58.3"  155.0 + 28.9°
Triol 0.05 + 0.04 2.6x107 +1.8x107 0.08 + 0.04
7-keto 19.8+7.3 15.0 +2.3 498 +8.3°
24-OH 2.3+23 0.46 + 0.46 5.8+2.4

% p < 0.05 one way ANOVA analysis; CCA vs Cadaveric donor
® p < 0.05 one way ANOVA analysis; HCC vs Cadaveric donor
N.D.; Not detected
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Table 5. Correlation between 24-OH levels in CCA tissues and clinico-pathological data

24-OH
No. of
patients Low High P
Variable expression expression  value
Age (y)
<56 24 13 11
> 56 12 3 9 0.095
Gender
Male 19 8 11
Female 17 8 9 0.515
Histological grading
Papillary type 21 12 9
Non Papillary type 15 4 11 0.05~
Metastasis stage
No 19 7 12
Yes 17 9 8 0.263
Fisher’s exact probability test was used for the comparisons

" P<0.05
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Table 6. Multivariate analysis by Cox Proportional Hazards Regression Model

Variable Hazard ratio 95% CI P

24-OH

Low 1

High 3.292 1.024-10.577  0.045
Age, years

<56 1

>56 0.227 0.435-3.325 0.722
Sex

Male 1

Female 0.558 0.216-1.439 0.227
Histopathology

Papillary type 1

Non-papillary type 1.833 0.586-5.731 0.298
Metastasis

No 1

Yes 1.216 0.471-3.143 0.686

95% CI indicates 95% confidence interval
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Figure legends
Figure 1. Levels of 24-OH (A) and 3K4 (B) in liver tissue of CCA patients. Significantly
increased levels of 24-OH and 3K4 were observed in tumor tissue of CCA patients compared

to matched-pair adjacent tissue (P < 0.05).

Figure 2. Survival curves of CCA patients with levels of 24-OH. Kaplan-Meier log-rank test
indicated that CCA patients with high levels of 24-OH had significantly lower survival
than patients with low levels of 24-OH in both tissue (A) and gallbladder bile (B). P <

0.001 and P < 0.05, respectively.

Figure 3. mMRNA and protein expression of CYP46 in CCA. A. gRT-PCR was performed to
detect CYP46 expression in CCA tissue compared to normal liver tissue. Increased CYP46
MRNA expression in CCA tissue was found (P < 0.05). B. Protein expression of CYP46 was
confirmed by immunohistochemical staining in CCA tissues (n = 34). a. CYP46 staining in
normal bile duct of cadaveric donor (arrow indicates normal bile duct). b. Twenty-seven out
of 34 cases (79%) showed high CYP46 staining scores. c. Seven out of 34 cases (21%)

showed low CYP46 expression. Magnification was 400x.
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Effect of carcinogenic oxysterols on induction of apoptosis is related to DNA damage in
immortal cholangiocyte

Apinva Jusakul, ¢, Watcharin Loilome™?, Nisana Namwat"?, Somkid Dechakhamphu'* and Puangrat
Yongvanit™?

! Department of Biochemistry, ? Liver Fluke and Cholangiocarcinoma Research Center,

Faculty of Medicine, Khon Kaen University, Khon Kaen 40002, Thailand

E-mail: a_jusakul@hotmail.com

Oxysterols are oxygenated derivatives of cholesterol, which are produced by non-enzymatic
reaction through reactive oxygen species (ROS) and/or reactive nitrogen species (RNS). Oxysterols,
which may be produced upon the liver fluke (Opithorchis viverrini; Ov) infection are also suspected to
play roles in genesis of cholangiocarcinoma (CCA). Qur previous data showed that the level of
particular exysterols including cholestan-3B, 5a, 6B-tricl (Triol) and cholest-4-ene-3-one (3K4), which
are categorized as carcinogenic forms, were significantly higher in liver tissues of Ov-induced hamster
CCA. We purpose to examine the effect of oxysterols including Triol and 3K4 on the induction of DNA
damage and the alteration of cellular phenotype in human transformed cholangiocyte (MMNK-1). The
immunocytochemical detection of etheno-DNA adduct in oxysterols-induced MMNK-1 cell was
performed to determine the level of DNA adduct that caused by oxysterols. This study showed the
increased level of carcinogenic ethano-DNA adducts (‘1-Ns-ethenodeoxyadenosine or ¢dA) that is
formed by the reaction of lipid peroxidation. Besides that, the effect of oxysterols on cell proliferation
was analyzed by using flow cytometer and western blot. It was shown that these oxysterols induced
cells death via apoptosis pathway as a dose-dependent manner. These evidences suggest that cell
death induced by Triol and 3K4, which is generated during carcinogenesis, may have the
procarcinogenic impact, since oxysterol could also cause DNA damage via oxidative stress and if
mutated clonal expansion occurs, it may play role in the changing of cellular phenotype from normal
to malignancy. The proposed mechanistic involvement is under investigation.
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Introduction and Objective

Cholesterol oxidation products or oxysterols are the oxygenated derivatives of cholesterol. They can
be produced by enzymatic reaction which is involved with cytochrome P450 enzymes in bile acid
synthesis, Moreover, oxysterols can be generated by reactive oxygen species (ROS) and/or reactive
nitrogen species (RNS) in non-enzymatic reaction. They are the intermediates in bile acid synthesis as
well as important signaling agents. However, some certain species are cytotoxic and carcinogenic.
Oxysterols have been identified in bile in the setting of chronic inflammation. The increased expressions
of oxysterol-binding proteins were also reported in cholangiocarcinoma. Then, we aim to identify the
oxysterols in human cholangiocarcinoma and to explain the possible role of oxysterol in
cholangiocarcinogenesis.

Methods
We identified oxysterols in liver tissue and bile in human and hamster cholangiocarcinoma using

GC/MS. The possible effects of selected oxysterols on cholangiocyte cell line were studied using flow
cytometry and western blot. Oxysterols-induced DNA damage was analyzed using immunocytochemistry.

Results

We found oxysterols in liver from hamsters infected with Opisthorchis viverrini (Ov). Level of some
certain oxysterols, 3-keto-cholest-4-ene (3K4) and cholestane-3B-5a-6f-triol (triol) were increased in Ov
and N-nitrosodimethylamine treated hamsters. The high levels of triol and 3K4 were also seen in both
acute and chronic phases of inflammation along the cholangiocarcinogenesis process. Moreover, levels of
both forms in human cholangiocarcinoma liver were higher than cadaveric donor and hepatoma tissue.
We also found the rising level of these pathogenic oxysterols in human cholangiocarcinoma bile.
Interestingly, triol and 3K4 could also induce the production of carcinogenic ethano-DNA adducts in
human cholangiocyte cell line.

Conclusion

We proposed that chronic liver fluke infection increases the production of ROS/RNS in the setting of
chronic inflammation in the biliary system, leading to the formation of oxysterols via oxidation of biliary
cholesterol. Oxysterols and free radicals can induce DNA damage. Damaged biliary epithelial cells are
eliminated through induction of apoptosis. Ineffective DNA repair and ongoing exposure to DNA
damaging agents select for resistant cells that clonally expand to become malignant

Keywords: Oxysterols, Cholangiocarcinoma, DNA damage
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A possible role of oxidized cholesterol in cholangiocarcinogenesis

Apinva Jusakul'*, W. Geoffrey Haigh®, Christopher Savard®, Watcharin Loilome', Nisana Namwat'*,
Narong Khuntikeo®, Chawaiit Pairojkul*’, Somchai Pinlaor™, Rabul Kuver®” and Puangrat Yongvanit™

Departmerits of *Bicchemistry, *Parasitalogy. *Surgery, *Pathology and *Liver Fluke and Cholangiocarcinoma Research Center,
Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand.

SDivision of Gastroenterology, Depariment of Medicine, Untversity of Washington, School of Medicine, Seatile, WA, USA.
"Department of Veterans Affairs Medical Center, University of Washington, Seattle, WA, USA4.

Cholesterol oxidation products or oxysterols are the oxygenated derivatives of cholesterel. They can
be produced by enzymatic reaction which is involved with cytochrome P450 enzymes in bile acid synthesis.
Moreover, oxysterols can be generated by reactive oxygen species (ROS) and/or reactive nitrogen species
{RNS) in non-enzymatic reaction. They are the intermediates in bile acid synthesis as well as important
signaling agents. However, some certain species are cytotoxic and carcinogenic. Oxysterols have been
identified in bile in the setting of chronic inflammation. The increased expressions of oxysterol-binding
proteins were also reported in cholangiocarcinoma. Then, we aim to identify the oxysterols in human
cholangiocarcinoma and to explain the possible role of oxysterol in cholangiocarcinogenesis. We identified
oxysterols in liver tissue and bile in human and hamster cholangiocarcinoma using GC/MS. The possible
effects of selected oxysterols on cholangiocyte cell line were studied using flow cytometry and western blot.
Oxysterols-induced DNA damage was analyzed using immunocytochemistry. We found oxysterols in liver
from hamsters infected with Opisthorchis viverrini (Ov). Level of some cerlain oxysterols, 3-keto-cholest-4-
ene (3K4) and cholestane-3B-5¢-63-triol {triol) were increased in Ov and N-nitrosodimethylamine treated
hamsters. The high levels of triol and 3K4 were also seen in both acute and chronic phases of inflammation
along the cholangiocarcinogenesis process. Moreover, levels of both forms in human cholangiocarcinoma
liver were higher than cadaveric donor and hepatoma tissue. We also found the rising level of these
pathogenic oxysterols in human cholangiocarcinoma bile, Interestingly, triol and 3K4 could also induce the
production of carcinogenic ethano-DNA adducts in human cholangiocyte cell line. We proposed that chronic
liver fluke infection increases the production of ROS/RNS in the seiting of chronic inflammation in the
biliary system, leading to the formation of oxysterols via oxidation of biliary cholesterol. Oxysterols and free
radicals can induce DNA damage. Damaged biliary epithelial cells are eliminated through induction of
apoptosis. Ineffective DNA repair and ongoing exposure to DNA damaging agents select for resistant cells
that clonally expand to become malignant.

Keywords: Oxysterols, Cholangiocarcinoma, Cholesterol oxidation products
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Molecular Mechanisms of Oxysterols in Liver Fluke-induced Cholangiocarcinogenesis
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Haigh, W. G.%, Pinlaor, S.**, Kuver, R.*

'Department of Biochemistry, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand
‘Department of Parasitology. Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand
‘Liver Fhike and Cholangiocarcinoma Research Center, Khon Kaen University, Khon Kaen, Thailand
*Department of Medicine, University of Washington School of Medicine and the Department of Veterans Affairs
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Abstract

Oxysterols are the oxygenated derivatives of cholesterol. They can be produced either by
enzymatic reaction which is involved with cytochrome P450 enzymes or be generated by
reactive oxygen/nitrogen radicals. Some certain species are cytotoxic and carcinogenic. We aim
to identify the oxysterols in human cholangiocarcinoma (CCA) and to explain its possible role
in cholangiocarcinogenesis. We identified oxysterols in liver tissue of Opisthorchis viverrini
(Ov)-induced hamster cholangiocarcinoma using GC/MS. Level of oxysterols, 3-keto-cholest-
4-ene (3K4) and cholestane-3p-5a-6p-triol (triol) were increased in CCA hamsters. The high
levels of triol and 3K4 were seen in both acute and chronic phases of inflammation along the
cholangiocarcinogenesis. It was shown that Triol- and 3K4-treated human cholangiocyte cells
caused apoptosis via mitochondria-dependent mechanism. They could also induce the
production of carcinogenic ctheno-DNA adducts. Whether oxysterols induced cell death
involve in the development of cholangiocarcinogenesis, we established the oxysterol-resistant
cells. The resistant cell revealed resisted character to apoptesis induced by H,O;. Using protein
arrays, we found activation of down-stream effectors in receptor tyrosine kinase signaling
resulting in regulation of expression of apoptosis-related proteins. Those mechanisms involve
in the stimulation of cellular survival and apoptosis evasion mechanism.

Keywords: oxysterols, cholangiocarcinoma
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Roles of Lipid Oxidation in Liver
Fluke-induced Cholangiocarcinoma

Yongvanit P.'"?, Dechakhamphu A, Jusakul A.'’, Kadsanit S."’, Loilome W.'?, et al.

'Department of Biochemistry, Faculty of Medicine, Khon Kaen University, Khon Kaen. Thailand: °Liver Fluke and Cholangiocarcinoma Research
Center. Khon Kaen University, Khon Kaen, Thailand: °Faculty of Thai Traditional and Alternative Medicine, Ubon Ratchathani Rajabhat University,
Ubonratchathani, Thailand

Introduction: Chronic inflammation induced by liver fluke (Opisthorchis viverrini, Ov) infection is the major risk
factor for cholangiocarcinoma (CCA) in Northeastern Thailand. Increased levels of proinflammatory cytokines and
nuclear factor kappa B that control cyclooxygenase-2 and inducible nitric oxide activities, disturb the homeostasis
of oxidants [ anti-oxidants and DNA repair enzymes, all of which appear to be involved in Ov-associated inflamma-
tory processes and CCA. Consequently oxidative and nitrative stress-related cellular damage occurs due to the over
production of reactive oxygen and nitrogen species (ROS/RNS), which do not only oxidize DNA and proieins but
also lipids via lipid peroxidation (LPO) and cholesterol oxidation in inflamed target cells.

Ohbjective: To prove the hypothesis that lipid peroxidation (LPO) and cholesterol oxidation triggered by Ov-infection
plays a role in carcinogenesis of CCA through the formation of miscoding DNA adducts which can be prevented by
some protective factors.

Materials & Methods: Our study was performed in both animal and human models: (i) etheno () DNA
adducts, 1,N° -ethenodeoxyadenosine (€dA) and 3N -ethenodeoxycytosine (€dC) were analyzed in the liver of Ov- and
N-nitrosodimethylamine (NDMA)-induced CCA in hamster (ii) excretion and the accumulation of etheno adducts were
analyzed in urine and white blood cells (WBCs) respectively in Ov infected patients (before and after treatment by
anti-parasitic drug praziquantel) and healthy volunteers (iii) oxysterols, which are oxidized cholesterols were identified
both in hamster and human CCA including their pathogenic effects in cell line study and (iv) activities of antioxidant
enzymes, expression of DNA repairing enzymes and microsatellite instability (MSI) were performed in human CCA.
Results. Increased etheno DNA adducts (dA and £dC) formations were associated with histopathological changes and
CCA appearance time-dependently in hamster model. Plasma and urinary €dA- and £dC-levels of Ov-infected patients
were related to indicators of inflammatory conditions such as malondialdehyde- (MDA), nitrate/nitrite-levels in urine
including 8-isoprostane level and alkaline phosphatase (ALP) activity in plasma. Interestingly, mean of a-tocopherol
levels in plasma were 2 times lower in Ov-infected patients than in healthy controls. Two months after a single dose of
the anti-parasitic drug praziquantel, eédA- and £dC-levels in WBCs of Ov-infected subjects were decreased into normal
levels: plasma 8-isoprostane, MDA, nitrate/nitrite and ALP were concomitantly lowered. WBC gdA- and £dC-levels
were positively related with plasma 8-isoprostane-, MDA-, nitrate/nitrite-levels, and with plasma ALP activity. Plasma
a-tocopherol-levels were inversely related with plasma 8-isoprostane-, nitrate/nitrite-levels and with plasma ALP activity.

Moreover cholesterol is oxidized via ROS/RNS or LPO to be oxysterol. We identified oxysterols in liver
tissue of Ov-induced CCA in hamster and found that 3-keto-cholest-4-ene (3K4) and cholestane-3B-5ct-6P-triol (triol)
were increased. The high levels of triol and 3K4 were seen in both acute and chronic phases of inflaimmation along
the cholangiocarcinogenesis. These two compounds are classified as carcinogenic oxysterols and could be detected in
human CCA tissue and bile. It was additionally shown that triol- and 3K4-treated human cholangiocyte cells caused
apoptosis via mitochondria-dependent mechanism. They could also induce the production of carcinogenic etheno-DNA
adducts.

We also analyzed the adaptive responses of genome-protection mechanism and found that anti-oxidant enzyme
activities, superoxide dismutase 2 and catalase were significantly increased. On the other hand the expressions of
DNA repairing enzymes, alkyladenine DNA glycosylase and DNA polymerase beta were increased whereas apurinic
endonuclease expression was decreased which reflects the imbalance of DNA repairing system. Among the same
investigated specimen, we found MSI-high at 69 % while MSI-low at 31% in human CCA tissue.

Discussion: We conclude that chronic Ov infection through oxidative/nitrative stress induces lipid oxidation of both
unsaturated fatty acids and cholesterol. Concurence with the imbalanced adaptive responses of genome protection
mechanism; decreased activities of antioxidant enzymes while DNA repairing enzymes were aberrantly expressed
leading to an accumulation of lipid peroxidation—derived DNA damage and MSI. This phenomenon is lowered by the
plasma ¢t-tocopherol and by antiparasitic drug therapy. Figure depicts the possible mechanism that link Ov-induced
chronic inflammation to the onset of cholangiocarcinogenesis.

Conclusion: Our findings strongly suggest that LPO-derived DNA damage triggered by Ov infection plays a potential
role in the genesis of CCA. €dA and £dC can be used as promising biomarkers for early detection of subjects at a
high risk for CCA development as well as for the assessment the efficacy of preventive and therapeutic interventions.
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FORMATION OF CARCINOGENIC OXYSTEROLS AND THEIR ROLESIN LIVER
FLUKE-INDUCED CHOLANGIOCARCINOGENESIS
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Introduction: Oxysterols are the oxygenated derivatives of cholesterol. They can be
produced either by enzymatic reaction which is involved with cytochrome P450 enzymes or
generated by reactive oxygen/nitrogen radicals. Some species are cytotoxic and carcinogenic.
We hypothesized that biliary oxysterols resulting from liver fluke infection participate in
cholangiocarcinogenesis.

Methods: We identified oxysterols in liver tissue of Opisthorchis viverrini (Ov)-induced
hamster cholangiocarcinoma using GC/MS. The candidate carcinogenic oxysterol on
induction of cholangiocarcinogenesis using an in vitro human cholangiocyte culture model
was investigated.
Results: Levels of oxysterols, 3-keto-cholest-4-ene (3K4) and cholestane-3B-5a-6B-triol
(triol) were increased in CCA hamsters. The high levels of triol and 3K4 were seen in both
acute and chronic phases of inflammation along with the increasing cholangiocarcinogenesis.
It was shown that triol- and 3K4-treated human cholangiocyte cells caused apoptosis via a
mitochondria-dependent mechanism. They could also induce the production of carcinogenic
etheno-DNA adducts. We established oxysterol-resistant cells to examine whether oxysterols
induced cell death involved in the development of cholangiocarcinogenesis. The resistant
cells were shown to exihbit resistant characteristics to apoptosis induced by H202. Using
protein arrays, we found activation of down-stream effectors in receptor tyrosine kinase
signaling resulting in regulation of expression of apoptosis-related proteins.
Conclusions: The data suggest that Triol and 3K4 may be carcinogenic since these oxysterols
can cause DNA damage via oxidative stress. Clonal expansion of such mutated cells may play
a role in driving the change in cellular phenotype from normal to malignant.
Keywords.  oxysterol, cholestan-3f3,5a,6B-triol,  4-cholesten-3-one, opisthorchiasis,
cholangiocarcinoma, DNA damage
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Effect of carcinogenic oxysterols on induction of apoptosis is related to DNA
damage in human cholangiocarcinoma cell lines

Apinya Jusakul2, Watcharin Loilome'2, Nisana Namwat'?, Somkid Dechakhamphu'# and Puangrat
Yongvanit'?

1 Department of Biochemistry, 2 | jver Fluke and Cholangiocarcinoma Research Center,
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E-mail-a_jusakul@hotmaif.com

Background: Oxysterols are oxygenated derivatives of cholesterol which are produced by enzymatic
reaction mainly by cytochrome P45Q family. They could be generated by non-enzymatic reaction
through reactive oxygen species (ROS) and/or reactive nitrogen species (RNS). Oxysterols, which
may be produced upon the liver fluke (Opithorchis viverrini, Ov) infection are also sus pected to play
roles in genesis of cholangiocarcinoma (CCA). Our previous data showed that the level of particular
oxysterols including cholestan-38, 5q, 6p-triol (Triol) and cholest-4-ene-3-one (3K4), which are

categorized as carcinogenic forms, were significantly higher in liver tissues of Ov-induced hamster |

CCA. We hypothesize that these oxysterols distribute some parts to trigger cholangiocarcinogenesis.
Objective: The purpose of this study are to examine the effect of oxysterols including Triol and 3K4
on cellular phenotypes and to investigate their effects on the induction of DNA adduct of human
cholangiocarcinoma cell line (M139) and transformed chotangiocyte (MMNK-1).

Methods: We have explored the effect of oxysterols on cell proliferation of M139 and transformed
MMNK-1 by using sulforhodamine B assay. Cellular apoptosis and necrosis were determined by using
annexin-v and propidium iodide staining then analyzed by a flow cytometer. The etheno-DNA adduct
was detected by immunocytochemistry.

Results: It was shown that Triol and 3K4 induced cells death in both CCA cell lines and MMNK-1 cell |
as a dose-dependent manner, whereas the ability to stimulate cell proliferation could not be observed. 5
We also found that Triol and 3K4 can induce cell death via apoptosis pathway in both M139 and |

MMNK-1 cells. In addition oxysterols caused the increasing of DNA adduct (edA) was also observed.
Conclusion: These evidences preliminary suggest us that celt death induced by Triol and 3K4 which
is generated during carcinogenesis may have the procarcinogenic impact, since oxysterol could also
cause DNA damage via oxidative stress and if mutated clonal expansion occurs, it may play role inthe
changing of cellular phenotype from normal to malignancy. The proposed mechanistic involvement is
under investigation.

Key Words: Oxysterol, Cholangiocarcinoma, Triol, 3K4
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INDUCTION OF ETHENO-DNA ADDUCT BY
CARCINOGENIC OXYSTEROLS IN IMMORTALIZED
CHOLANGIOCYTE

Yongvanit P2, Jusakul A2, Loilome W2, Namwat N2,
Dechakhamphu S."? and Kobayashi N.3

'Department of Biochemistry, Faculty of Medicine, Khon Kaen University,
Khon Kaen 40002, Thailand. *Liver Fluke and Cholangiocarcinoma
Research Center, Faculty of Medicine, Khon Kaen University, Khon Kaen
40002, Thailand. *Department of Surgery, Okayama University Graduate
School of Medicine and Dentisiry, Okayama, Japan.

Oxysterols are oxygenated derivatives of cholesterol which are produced
by non-enzymatic reaction through reactive oxygen species (ROS) and/
or reactive nitrogen species (RNS). Oxysterols, which may be produced
upon the liver fluke (Opithorchis viverrini, Qv) infection, leading to
inflammatory process and consequently overproduction of ROS, are
also suspected to play roles in genesis of cholangiccarcinoma (CCA).
Our previous data showed that the level of particular oxysterols including
cholestan-38, a, 6p-trio! (Triol) and cholest-4-ene-3-one (3K4), which
are categorized as carcinogenic forms, were significantly higher in liver
tissues of Ov-induced hamster CCA, We proposed to examine the effect
of oxysterols including Triol and 3K4 on the induction of DNA damage and
the alteration of celiular phenotype in human immortalized cholangiocyte
(MMNK-1}. The immunocytochemical detection of etheno-DNA adduct in
oxysterols-induced MMNK-1 cell was performed to determine the level of
DNA adduct that caused by oxysterols. This study showed the increased
levei of carcinogenic etheno-DNA adducts (1-A°-ethenodeoxyadenosine
or £dA) that is formed by ROS via the reaction of lipid peroxidation. The
effect of oxysterols on cell apoptosis induction was also analyzed by using
flow cytometer. It was shown that these oxysterols induced cells death
via apoptotic pathway as a dose-dependent manner. These evidences
suggest that cell death induced by Triol and 3K4 which is generated during
carcinogenesis may have the procarcinogenic impact, since oxysterol
could also cause DNA damage via oxidative stress and if mutated clonal
expansion oceurs, it may play role in the changing of celiular phenotype
from normal to malignancy. The proposed mechanistic involvement is
under investigation.
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Pathogenic Oxysterols in Hepatic Tissue and Bile of
Cholangiocarcinoma Patients
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Watcharin Loilome'>, Nisana Namwat'5, Narong Khuntikeo33
Chawalit Pairojkul*5, Somchai Pinlaor?#®, Rahul Kuver®’ and
Puangrat Yongvanit'®

Departments of 'Biochemistry, ?Parasitology, 3Surgery, *Pathology and SLiver Fluke and
Cholangiocarcinoma Research Center, Faculty of Medicine, Khon Kaen University, Khon
Kaen, Thailand. ®Division of Gastroenterology, Department of Medicine, University of
Washington, School of Medicine and the ‘Department of Veterans Affairs Medical Center,
Seattle, WA, USA

Oxysterols are oxidation products of cholesterol, which are
generated by either cytochrome P450 (CYP) enzymes or reactive oxygen
and nitrogen species. They are intermediates in bile acid synthesis as well
asimportant signaling agents. However, some certain species are cytotoxic
and carcinogenic. Oxysterols have been identified in bile in the setting of
chronic inflammation. Interestingly, some species; 3-keto-cholest-4-ene
(3K4) and cholestane-3B-5a-6B-triol (triol), which are carcinogenic, were
indentified in  hamster liver tissue of liver fluke-induced
cholangiocarcinoma (CCA). Our previous study reported that liver fluke-
induced oxysterols can generate DNA adducts in cholangiocytes. To
explain carcinogenesis in human CCA, we aimed to identify and quantitate
the  oxysterols in liver tissue and bile from CCA patients by using gas
chromatography and mass spectrometry. Focusing on the different profiles
among CCA, hepatoma and cadaveric donor, we found the increased level
of inflammation-related oxysterols; triol, 3K4 and 24-hydroxycholesterol
(24-OH) in CCA liver tissue and bile. Moreover, higher levels of triol and
3K4 were also found in the hepatic bile compared to gallbladder bile from
CCA patients, suggesting that there is the increasing production of free
radical-induced pathogenic oxysterols in CCA. Furthermore, we found that low
expression of CYP39A1 and CYP7A1 enzymes may involve in the
increasing level of 24-OH in CCA patients. Thus, we proposed that pathogenic
oxysterols areproduced during cholangiocarcinogenesis and the
accumulation of pathogenic oxysterols may involve in the development of
CCA.

Keywords: Oxysterols, Cholangiocarcinoma, Cholesterol oxidation products
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Roles of Lipid Oxidation in Liver
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Ubonratchathani, Thailand

Introduction: Chronic inflammation induced by liver fluke (Opisthorchis viverrini, Ov) infection is the major risk
factor for cholangiocarcinoma (CCA) in Northeastern Thailand. Increased levels of proinflammatory cytokines and
nuclear factor kappa B that control cyclooxygenase-2 and inducible nitric oxide activities, disturb the homeostasis
of oxidants / anti-oxidants and DNA repair enzymes, all of which appear to be involved in Ov-associated inflamma-
tory processes and CCA. Consequently oxidative and nitrative stress-related cellular damage occurs due to the over
production of reactive oxygen and nitrogen species (ROS/RNS). which do not only oxidize DNA and proteins but
also lipids via lipid peroxidation (LPO) and cholesterol oxidation in inflamed target cells.

Objective: To prove the hypothesis that lipid peroxidation (LPO) and cholesterol oxidation triggered by Ov-infection
plays a role in carcinogenesis of CCA through the formation of miscoding DNA adducts which can be prevented by
some protective factors.

Materials & Methods! Our study was performed in both animal and human models: (i) etheno (g£) DNA
adducts, 1,N'-ethenodeoxyadenosine (edA) and 3,N'-ethenodeoxycytosine (€dC) were analyzed in the liver of Ov- and
N-nitrosodimethylamine (NDMA )-induced CCA in hamster (ii) excretion and the accumulation of etheno adducts were
analyzed in urine and white blood cells (WBCs) respectively in Ov infected patients (before and after treatment by
anti-parasitic drug praziquantel) and healthy volunteers (iii) oxysterols, which are oxidized cholesterols were identified
both in hamster and human CCA including their pathogenic effects in cell line study and (iv) activities of antioxidant
enzymes, expression of DNA repairing enzymes and microsatellite instability (MSI) were performed in human CCA.
Results: Increased etheno DNA adducts (edA and &€dC) formations were associated with histopathological changes and
CCA appearance time-dependently in hamster model. Plasma and urinary £dA- and €dC-levels of Ov-infected patients
were related to indicators of inflammatory conditions such as malondialdehyde- (MDA), nitrate/nitrite-levels in urine
including 8-isoprostane level and alkaline phosphatase (ALP) activity in plasma. Interestingly, mean of c-tocopherol
levels in plasma were 2 times lower in Ov-infected patients than in healthy controls. Two months after a single dose of
the anti-parasitic drug praziquantel, édA- and €dC-levels in WBCs of Ov-infected subjects were decreased into normal
levels: plasma 8-isoprostane, MDA, nitrate/nitrite and ALP were concomitantly lowered. WBC £dA- and edC-levels
were positively related with plasma 8-isoprostane-, MDA-, nitrate/nitrite-levels, and with plasma ALP activity. Plasma
a-tocopherol-levels were inversely related with plasma 8-isoprostane-, nitrate/nitrite-levels and with plasma ALP activity.

Moreover cholesterol is oxidized via ROS/RNS or LPO to be oxysterol. We identified oxysterols in liver
tissue of Ov-induced CCA in hamster and found that 3-keto-cholest-4-ene (3K4) and cholestane-S[S-Scx-ﬁﬁ-triol (triol)
were increased. The high levels of triol and 3K4 were seen in both acute and chronic phases of inflammation along
the cholangiocarcinogenesis. These two compounds are classified as carcinogenic oxysterols and could be detected in
human CCA tissue and bile. It was additionally shown that triol- and 3K4-treated human cholangiocyte cells caused
apoptosis via mitochondria-dependent mechanism. They could also induce the production of carcinogenic etheno-DNA
adducts.

We also analyzed the adaptive responses of genome-protection mechanism and found that anti-oxidant enzyme
activities, superoxide dismutase 2 and catalase were significantly increased. On the other hand the expressions of
DNA repairing enzymes, alkyladenine DNA glycosylase and DNA polymerase beta were increased whereas apurinic
endonuclease expression was decreased which reflects the imbalance of DNA repairing system. Among the same
investigated specimen, we found MSI-high at 69 % while MSI-low at 31% in human CCA tissue.

Discussion: We conclude that chronic Ov infection through oxidative/nitrative stress induces lipid oxidation of both
unsaturated fatty acids and cholesterol. Concurence with the imbalanced adaptive responses of genome protection
mechanism: decreased activities of antioxidant enzymes while DNA repairing enzymes were aberrantly expressed
leading to an accumulation of lipid peroxidation—derived DNA damage and MSI. This phenomenon is lowered by the
plasma O-tocopherol and by antiparasitic drug therapy. Figure depicts the possible mechanism that link Ov-induced
chronic inflammation to the onset of cholangiocarcinogenesis.

Conclusion: Our findings strongly suggest that LPO-derived DNA damage triggered by Ov infection plays a potential
role in the genesis of CCA. €dA and €dC can be used as promising biomarkers for early detection of subjects at a
high risk for CCA development as well as for the assessment the efficacy of preventive and therapeutic interventions.
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Oxysterols are oxidation products of cholesterol, which are generated by either
cytochrome P450 (CYP) enzymes or reactive oxygen and nitrogen species. They are
intermediates in bile acid synthesis as well asimportant signaling agents. However,
some certain species are cytotoxic and carcinogenic. Oxysterols have been identified
in bile in the setting of chronic mflammation. Interestingly, some species; 3-keto-
cholest-4-ene (3K4) and cholestane-3p-5a-6B-triol (triol), which are carcinogenic,
were indentified in hamster liver tissue of liver fluke-induced cholangiocarcinoma
(CCA). Our previous study reported that liver fluke-induced oxysterols can generate
DNA adducts in cholangiocytes. To explain carcinogenesis in human CCA, we aimed
to identify and quantitate the oxysterols in liver tissue and bile from CCA patients by
using gas chromatography and mass spectrometry. Focusing on the different profiles
among CCA, hepatoma and cadaveric donor, we found the increased level of
inflammation-related oxysterols; triol, 3K4 and 24-hydroxycholesterol (24-OH) i
CCA liver tissue and bile. Moreover, higher levels of triol and 3K4 were also found in
the hepatic bile compared to gallbladder bile from CCA patients, suggesting that there
is the increasing production of free radical-induced pathogenic oxysterols in CCA.
Furthermore, we found the low expression of CYP39A1 and CYP7A1 enzymes,
which may involve in the increasing level of 24-OH in CCA patients. Thus, we
proposed that pathogenic oxysterols are produced during cholangiocarcinogenesis and
the accumulation of those oxysterols may involve in the development of CCA.
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Altered Expression and DNA Methylation of 24-Hydroxycholesterol
Degrading Enzymes and Their Transcriptional Activators in
Cholangiocarcinoma
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Department of Biochemistry, Faculty of Medicine, Khon Kaen University, Khon Kaen 40002, Thailand
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24-hydroxycholesterol (24-OH) is an oxidation product of cholesterol, which was found
to be significantly increased in cholangiocarcinoma (CCA) tissue when compared to
normal and hepatocellular carcinoma tissues. We aimed to investigate the expression of
its degrading enzymes, CYP39A1, CYP7AI1 and their transcriptional activators, RUNX2
and LXR-alpha in CCA tissue respectively. Immunohistochemical analysis and
methylation-specific PCR were employed. It was found that these proteins were
overexpressed in human CCA when compared to normal bile duct. Interestingly, patients
with high expression of CYP39A1., CYP7A1, and RUNX2 had significantly longer
survival rate than those with low expression. In addition, CYP39A1 was significantly
correlated with RUNX2 expression. Methylation of CYP39A1 and RUNX2 promoter
regions were also detected. There were three methylation patterns of RUNX2 promoter
site including methylation only (M; 6.25 %), unmethylation only (U; 6.25 %) and both
patterns (M + U; 87.75 %). CCA patients who have both methylation pattern of RUNX2
had a trend to correlate with its protein expression. All cases of CCA pateints showed
only unmethylated pattern of promoter region of CYP39A1 gene and was not correlated
with protein expression level. Moreover we found that H,O, induced hypomethylation of
RUNX2 (M + U pattern) in immortal cholangiocyte cell line. These results suggest that
RUNX2 is over-expressed in CCA, which may be regulated by hypomethylation of its
promoter region and lead to increase CYP39A1 expression. We hypothesized that free
radicals generated by 24-OH can induce hypomethylation for RUNX2 and may play role
in cholangiocarcinogenesis. This is on-going investigation.

Keywords: 24-hydroxycholesterol, cholangiocarcinoma, CYP39A1, RUNX2
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