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Abstract

Infections with Opisthorchis viverrini, Clonorchis sinensis and Schistosoma haematobium are
classified as Group 1 biological carcinogens: definitive causes of cancer. These worms are
metazoan eukaryotes, unlike the other Group 1 carcinogens including human papilloma virus,
hepatitis C virus, and Helicobacter pylori. By contrast, infections with phylogenetic relatives of
these helminths, also trematodes of the phylum Platyhelminthes and major human pathogens, are
not carcinogenic. These inconsistencies prompt several questions, including how might these
infections cause cancer? And why is infection with only a few helminth species carcinogenic?
Here we present an interpretation of mechanisms contributing to the carcinogenicity of these
helminth infections, including roles for catechol estrogen- and oxysterol-metabolites of parasite
origin as initiators of carcinogenesis.
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Infection with some helminth pathogens represents a biological carcinogen

More than 20% of cancers in the developing world are caused by infections. Whereas a
dozen or so pathogens including human papilloma virus, Epstein-Barr virus and
Helicabacter pylori are widely known as biological carcinogens, less appreciated is that
infection with helminths (see Glossary) can cause malignancy [1-3]. The International
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Agency for Research on Cancer (IARC) recognizes as definitive causes of cancer, infection
with the fish-borne trematodes (FZT) Opisthorchisviverrini and Clonorchis sinensis and the
blood fluke Schistosoma haematobium. In addition to directly damaging development,
health and prosperity of infected populations, infection with these parasites leads to
cholangiocarcinoma (CCA) (bile duct cancer) and squamous cell carcinoma (SCC) of the
urinary bladder, respectively [1]. Here we outline understanding of the mechanism of these
helminth infection induced cancers. We outline recent findings based on which we
hypothesize that reactive metabolites of oxysterol-like and estrogen-like precursors of
helminth origin represent genotoxins that mutate genes of epithelial cells lining the biliary
tract and urinary blabber. We speculate that these novel, helminth-derived metabolites
initiate bile duct and squamous cell carcinoma of the bladder during opisthorchiasis and
urogenital schistosomiasis.

Liver fluke infection-induced cholangiocarcinoma

The liver fluke O. viverrini is endemic in Thailand, Lao PDR, Vietnam and Cambodia,
whereas C. sinensis is endemic in Vietnam, China, South Korea, North Korea and far-
eastern Russia [1, 4-6]. Clonorchiasis, opisthorchiasis and related infections remain as
substantial public health burdens in East Asia, Eurasia and central Europe where >40 million
people are infected [1]. These diseases are spreading [7]. Opisthorchiasis results from
ingestion of the metacercarial stage of O. viverrini encysted in undercooked, fresh water
cyprinoid fish. Related opisthorchiid flukes, C. sinensis and Opisthorchis felineus, which
like O. viverrini also are transmitted through consumption of undercooked cyprinoid fish,
cause similar diseases [4, 8]. Following ingestion, the immature worms migrate from the
duodenum into the biliary tract, where they mature into the adult worms within the lumen of
the bile ducts and gall bladder. Parasite eggs are shed into the bile and pass out to the
environment in the fecal stream. Freshwater snails ingest the eggs, after which the trematode
transforms into the sporocysts, which in turn release aquatic cercariae that penetrate the
flesh of fishes that are the second intermediate hosts in the fluke’s developmental cycle (Fig.
1).

The activities of the parasite abrade the epithelial lining of the bile duct, leading to
cholangitis, obstructive jaundice, hepatomegaly, biliary periductal fibrosis, cholecystitis and
cholelithiasis [9, 10]. Of greater concern, chronic opisthorchiasis frequently leads to a major
sub-type of liver cancer, cholangiocarcinoma (CCA) [1, 2]. CCA is an adenocarcinoma with
a dismal prognosis. These tumors slowly spread along bile ducts with periductal and mass
forming extensions. Prognosis is poor owing to the silent clinical character, difficulty in
early diagnosis, and limited options for therapy in resource poor settings [11]. Surgical
management is potentially curative, but is restricted to early-stage disease [12]. In Thailand
and elsewhere in East Asia, infection with fish-borne liver flukes is the dominant risk factor
for CCA. However, CCA has a worldwide distribution where risks factors include primary
sclerosing cholangitis, choledochal cysts, hepatolithiasis and congenital bile duct anomalies
[13]. All these factors cause chronic injury and inflammation of the biliary ducts, as does
infection with O. viverrini or C. sinensis [6, 9, 14-17] (Table S1).
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Urogenital schistosomiasis-induced squamous cell carcinoma

Three major species of schistosomes are the agents of human schistosomiasis - Schistosoma
japonicumand S. mansoni cause intestinal schistosomiasis in East Asia, Africa, South
America and the Caribbean while S. haematobium, which occurs through Africa and the
Middle East, causes urogenital schistosomiasis (UGS). Historically considered restricted to
the tropics and sub-tropics, suitable habitats for transmission of schistosomiasis have
recently expanded into Western Europe [18]. Only S haematobium has been classified as a
Group 1 carcinogen [1]. Of the more 110 million cases of UGS in sub-Saharan Africa, 70
million are associated with hematuria, 18 million with major bladder wall pathology, and 10
million with hydronephrosis leading to kidney damage [19, 20]. The continuous deposition
of eggs of S. haematobium in the bladder can lead to squamous cell carcinoma (SSC) [21,
22].

SCC is a poorly differentiated neuroendocrine neoplasm and the common form of bladder
cancer where UGS is prevalent [23-25]. In contrast, urothelial cell carcinoma (UCC) that
arises from the transitional epithelium lining of the bladder represents most bladder cancers
in developing countries and regions not endemic for UGS. Schistosome eggs trapped in the
bladder wall release metabolites, presumably to facilitate egress of these eggs to the urine
and hence to the external environment. Nonetheless, the phenomenon leads to hematuria and
to chronic inflammation, in turn increasing risk of urothelial hyperplasia, dysplasia and SCC
[25]. UGS is a chronic infection, the adult, egg-producing schistosomes live for many years,
re-infections frequently occur, and UGS induced-SCC often appears by the mid-decades of
life [23].

Risk factors leading to CCA and SCC

Carcinogenesis is a complex process in which normal cell growth is modified as a result of
the interaction of multiple factors. Current understanding of the mechanisms of
carcinogenesis during infection with these neglected tropical diseases that lead to
malignancy has been reviewed [1, 5, 6, 25-28]. In regions of high prevalence of
opisthorchiasis, the risk factors for CCA are chronic inflammation and concomitant injury of
the biliary epithelium as the consequence of persistent parasitism by the flukes [6, 9, 14-17].
Other factors likely are involved, including spillover effects from local and systemic chronic
inflammation (ROS/ RNS, interleukin-6, etc.) directed against the worms, liver fluke-
associated oxysterols that damage DNA [29, 30], secretion by the parasites of mitogens such
as granulin, thioredoxin and other mediators conducive to establishment and maintenance of
a tumorigenic microenvironment [6, 31], dietary nitrosamines, and interactions or changes in
the gastro-intestinal and biliary microbiota. Other risk factors for CCA have been
documented, including primary sclerosing cholangitis [12], inflammatory bowel disease
[32], metabolic syndromes [33], hepatitis virus [34] and infection with species of
Helicobacter [35]. The latter has attracted increasing interest [36—38], and the presence of
H. pylori in the gut epithelium of O. viverrini supports the hypothesis that this liver fluke
may be a reservoir of this carcinogenic bacterium. During establishment of infection,
juvenile O. viverrini may vector species of Helicobacter, H. pylori and H. bilis, and other
prokaryotes from the gastrointestinal tract or even from the external environment into the
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biliary tree [39]. These co-infections may be integral in the pathogenesis of liver fluke-
induced hepatobiliary diseases including CCA [39](Fig. 2; Table S1).

Multistep and multifactorial models for UGS-induced bladder cancer have been proposed
[25]. Some models attribute the initiation of carcinogenesis to low doses of nitrosamines or
other environmental carcinogens, with the infection supplying the proliferative stimulus to
drive the expansion of clones of initiated cells. Although studies on UGS in laboratory
animals are challenging, early findings supported this model [40]. In particular, whereas
proliferative and inflammatory changes occurred in baboons without exposure to
carcinogen, treatment with nitrosamines was necessary before appearance of neoplasia. Low
doses of nitrosamine alone failed to produce changes in the tissue. Yet the mechanism by
which the schistosome infection contributes to carcinogenesis remains unresolved, along
with whether the inflammation itself is critical or whether UGS influences cell proliferation
[41]. Exposure of Chinese hamster ovary (CHO) cells to secretions and lysates of eggs and
other stages of S haematobium stimulates cellular proliferation, migration and invasion,
inhibits apoptosis, up-regulates expression of Bcl-2, and facilitates loss of p27 [42-48] -
processes that are hallmarks of tumorigenesis and cancer cell survival [49]. Also,
intravesical administration to mice of S. haematobium extracts induces urothelial dysplasia,
a non-invasive malignant flat lesion [45]. These reports indicate that infection with S.
haematobium induces malignization of the urothelium in the absence of co-factors such as
nitrosamines. The risk of SCC during UGS appears to be promoted by concurrent risks for
bladder cancer at large, including exposure to industrial and agricultural dyes, tobacco
smoke, and vitamin A deficiency [23, 25]. In addition to these other potential risks, we have
hypothesized including roles for catechol estrogen- and oxysterol-metabolites of parasite
origin as initiators of carcinogenesis [50].

Several mechanisms explain the role of estrogens in disease. The better-known hypothesis is
that the estrogen receptor mediates cell proliferation, increasing errors in DNA replication
[48, 51, 52]. Another interpretation postulates that electrophilic metabolites of estrogen react
covalently with DNA bases by redox cycling or by forming an abasic site. Subsequent error-
prone repair of the modified DNA generates oncogenic mutations [51, 53-55]. Methylation
of catechol estrogens by catechol-O-methyltransferase, conjugation of the catechol estrogen
quinones with glutathione, and enzymatic reduction to reform catechol estrogens are
processes that prevent accumulation of the highly reactive metabolites. However, if the latter
protective processes are insufficient, catechol-estrogen quinones accumulate, potentially
damaging DNA either by oxidation or depurination, and release of catechol-estrogen
modified purines [51, 55, 56] (Fig. 3).

Catechol estrogens and oxysterols from helminth parasites as initiators of

cancer

Onset of malignancy involves distinct initial and sequential effects on the target cells:
initiation, promotion, and progression. The first involves damage to DNA, leading to
mutation in a somatic cell. An essential feature of promotion is the induction of proliferation
in the initiated cells by agents that are not necessarily carcinogenic. Both liver fluke
induced-CCA and UGS-SCC proceed through initiation, promotion and progression, and

Trends Cancer. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brindley et al.

Page 5

otherwise display the ‘hallmarks of cancer’ [23, 25, 57]. Cholesterol, oxysterols and
estrogens are closely related steroids [58]. Oxysterols and catechol-estrogens occur in both
O. viverrini and S. haematobium [29, 30, 47, 59]. Formation of these metabolites might
relate to the physiology of the worms and/or parasite-host interactions implicated in
metabolic pathways of steroid hormones and bile acids. Oxysterols and/or catechol
estrogens of trematode origin and/or precursors modified as the consequence of
opisthorchiasis or UGS [29, 30, 48, 59, 60] are candidate initiators given these kinds of
metabolites mutate genes in other settings [61] (Table 1; below). Further, given that
initiators of cancer and/or promoters may need to be metabolized for activation (below), the
initiators and/or cancer promoting factors may be specific for organ systems, tissues and/or
epithelia [1, 62].

Elevation in levels of the steroid hormone estradiol in sera but not luteinizing hormone or
testosterone occurs during UGS [43]. Schistosomes produce estrogen-related metabolites
which might contribute to the elevated estradiol levels [44]. The schistosome genome
encodes an orthologue of estradiol 173 dehydrogenase that participates in the synthesis
pathway of estradiol [63], and it has been suggested that species-specific spatial and
temporal expression associated with the synthesis of estradiol-like metabolites of S.
haematobium and the parasite eggs in the bladder wall may contribute to carcinogenesis
[63]. Estradiol-related metabolites including catechol estrogen quinones (CEQ) and CEQ-
DNA adducts have been characterized from sera of UGS cases and, revealingly, within the
schistosomes including the eggs [48, 59, 64]. Catechol estrogens are formed by
hydroxylation on the steroid aromatic ring A. Mass spectrometric analysis of urine during
UGS revealed that hydroxylation of both C-2 and C-3 on a steroid ring occurs with
subsequent oxidation to an estradiol-2, 3-quinone [48, 50, 59, 64]. Estrogenic metabolites of
schistosome origin passed in urine during UGS appear to arise by reaction of quinones of
catechol estrogens with chromosomal DNA [42, 48, 59], which supports a role for these
reactive metabolites of estrogens as the mutagens that initiate UGS-induced SCC [50](Fig.
3).

Notably, metabolites of estrogen including catechol-estrogens and also oxysterols have been
characterized in O. viverrini liver flukes from experimentally infected hamsters using by
liquid chromatography-mass spectrometry Many of the structures are ramified at C-17, i.e.
they display discrete and variable chains linked to carbon 17 of the steroid ring [30](Fig. 3;
and below). As with catechol-estrogen quinones, oxysterols are potentially mutagenic and
genotoxic, and also display pro-oxidative and pro-inflammation activity that promotes
carcinogenesis [65, 66]. Oxysterols are products of oxidation of cholesterol by either P450
enzymes or non-enzymatic processes. Effects of individual oxysterol species can be
anticipated to be structure-dependent, with the metabolic conversions releasing biologically
active and inactive forms. Draft genomes and transcriptomes of C. sinensisand O. viverrini
are available [67, 68]. Although these parasites cannot synthesize cholesterol de novo,
relying on the host for this key nutrient, the liver flukes evolved metabolic pathways highly
adapted to a lipid-rich diet from bile and/or cholangiocytes. These pathways exhibit the
capacity to liberate reactive steroid metabolites. Indeed, studies in hamsters revealed that the
oxysterols, cholestan-3p, 5a, 6B-triol and 3 keto-cholest-4-ene, occur at elevated levels in
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the livers with O. viverrini-induced cholangiocarcinoma, and induce DNA adduct formation
in cholangiocytes in vitro [29, 65]. Carcinogenesis-associated steroids occur in the adult
developmental stage of O. viverrini within the biliary tract of the host [30]. As with UGS,
we hypothesize a role for these reactive metabolites of cholesterol and estrogen as the
mutagens that contribute to liver-fluke infection induced CCA (Fig. 3).

Organotropism and cancer

Why some trematodes are carcinogenic and some are not and the explanations of why that is
are intriguing questions, for which firm answers have yet to be established (Outstanding
Questions). Organ site preference by the helminths and their eggs may be part of it. Other
FZT (Glossary), close relatives of O. viverrini and C. sinensis including O. felineusand
species of Metorchis, also reside in the human biliary tree [7]. Whereas there is insufficient
evidence to date to link these latter FZT to malignancy, some also are categorized as
potential biological carcinogens [1]. By contrast, close phylogenetic relatives including the
minute intestinal flukes such as Haplorchis taichui, which reside in the human intestines, do
not cause cancer [69, 70]. Similarly, infection with the better-known liver flukes Fasciola
hepatica and F. gigantica does not appear to cause liver cancer [71]. Notably, the hepato-
intestinal schistosomes of humans, S japonicumand S. mansoni, do not cause cancer.
Accordingly, the preference of O. viverrini for residence in the bile ducts and of S
haematobium for the bladder, and of related flukes for other organ systems, may underlie the
fluke species-specific carcinogenicity (Fig. 2). In turn, this may (at least partly) explain the
general absence of carcinogenicity in closely related trematode pathogens including species
of Schistosoma and Fasciola.

Mutational landscape of genomes of helminth infection-induced cancers

Information is accumulating on the genetic and cytogenetic profiles of both CCA and SCC
of the bladder. The mutation profiles of opisthorchiasis-induced and non-opisthorchiasis-
related CCA are discrete. A series of highly recurrent mutations occur in genes including
those encoding TP53, KRAS, SMAD4, BRAF, MLL3, ARID1A, PBRM1 and BAP1,
involved in cell cycle control, cell signaling pathways and chromatin dynamics [60].
Intrahepatic O. viverrini-induced and other CCA display marked differences in mutation
patterns: BAP1, IDH1 and IDH2 (isocitrate dehydrogenase 1 and 2 genes) are more
frequently mutated in non-O. viverrini CCA, whereas mutations of TP53 show the
reciprocal pattern. Functional studies demonstrated tumor suppressive functions for BAP1
and ARID1A, establishing the role of chromatin modulators in CCA pathogenesis.
Accordingly, different causative etiologies induce distinct somatic alterations, even within
the same tumor type [72-74]. Liver fluke infection-induced CCA also has altered DNA
methylation and transcriptional profiles associated with xenobiotic metabolism and pro-
inflammatory responses in comparison to non-liver fluke induced CAA and to healthy
tissues, indicative of distinctive pathobiology in O. viverrini-induced bile duct cancer [60,
74, 75]. These mutational profiles have implications for diagnosis, therapy and public health
interventions.
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In like fashion, substantial details also have emerged from whole exome sequences of
urothelial carcinomas (UCC) of the bladder [76]. Recurrent mutations occur in more than 30
genes, including genes involved in cell-cycle regulation, chromatin regulation, and kinase
signaling pathways such as MLL2, CDKN1A, ERCC2, STAG2 and RXRA [77]. However,
much less is known on the mutational landscape of UGS-induced SCC [1, 23], for which
similar studies have yet to be reported.

Concluding remarks

Multiple factors likely contribute the carcinogenesis of these helminth-induced cancers. As
sterol derivatives, catechol estrogens and oxysterols share a core
cyclopentanophenanthrene-4-ring, and the ability to oxidize DNA and other
macromolecules. Elevated levels of these metabolites occur in the helminths themselves and
in the infected people; and infected cases excrete metabolites of DNA-estrogen adducts and
oxysterol-adducts [29, 59, 65]. Moreover, elevated levels of oxidized DNA (8-nitroguanine
and 8-ox0-2'-deoxyguanosine) during chronic opisthorchiasis and UGS perhaps reflect
carcinogenic process initiated by catechol estrogens and oxysterols [44, 50, 54, 55, 59, 61].
The roles of these and other novel trematode metabolites in CCA and SCC (Figs. 2, 3; Table
S1) remain to be examined in depth. How and why these specific helminth pathogens induce
cancer is worthy of deeper investigation, not the least because these phenomena offer the
promise of novel interventions including vaccines against the parasites (Outstanding
Questions). Notwithstanding that these helminth infection-induced cancers are probably
preventable by behavioral changes, it also is worthwhile noting that vaccines that could
block infection with these carcinogenic helminths would, in turn, represent anti-cancer
vaccines, in the same fashion that vaccination against papilloma viruses blocks cervical
cancer [30, 48, 78].
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Blood flukes The schistosomes; trematodes that live and reproduce in

the human circulatory system. The three major species
parasitizing humans are Schistosoma haematobium, S
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japonicum, and S. mansoni. These infections cause major
neglected tropical diseases.

Catechol estrogen electrophilic metabolites of estrogen that can react with

qguinones DNA covalently to form depurinating adducts.

Cholangiocarcinoma Bile duct cancer; an adenocarcinoma arising from the

(CCA) epithelium of the bile ducts. Prevalence of CCA is notably
elevated in regions endemic for fish-borne liver fluke
infections.

Cholangiocyte Epithelial cells that line the biliary tract.

Fish-borne trematodes Fish-borne trematodes including the families

(FZT) Opisthorchiidae and Heterophyidae.

Helminth parasites Parasitic worms. Metazoan parasites from the phyla
Platyhelminthes (flatworms) and Nematoda (roundworms).
Helminth infections have been termed the great neglected
tropical diseases of humanity.

Liver flukes Trematodes that reside and reproduce within the liver,
including the biliary tree; species known to parasitize
humans include Opisthorchis viverrini, O. felineus,
Clonorchis sinensis, Fasciola gigantica, F. hepatica, and
Dicrocoelium dendriticum.

Oxysterols oxidized derivatives of cholesterol

Squamous cell carcinoma A malignancy arising from the urothelium of the bladder.

(SCC) of the urinary A common form of bladder cancer in regions where

bladder urogenital schistosomiasis is prevalent.

Trematoda A class of the phylum Platyhelminthes; the flukes. All
trematodes are parasites.

Urogenital schistosomiasis Infection with Schistosoma haematobium.

(UGS)
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Figure 1. Developmental cycle of the fish-borne liver fluke Opisthorchis viverrini
Liver flukes are obligate parasites with a complex developmental cycle that includes three

hosts, an aquatic snail and a fresh-water fish as intermediate hosts and the definitive human
(or other fish-eating mammal) host. In the human, the hermaphroditic worms reside within
the lumen of bile ducts in the liver, and reproduce sexually. Eggs released by the liver flukes
pass with bile into the small intestine, from where they exit with the feces. Snails of the
genus Bithynia ingest the eggs in situations where human waste from infected people is
deposited into the freshwater environment. The parasite egg hatches in the digestive tract of
the snail, the larval miracidium migrates to the hepatopancreas of the snail. Asexual
reproduction through sporocyst and rediae stages follows, culminating in release from the
snail of a motile aquatic larva termed a cercariae. The cercaria enters the water and seeks out
a suitable species of fish of the family Cyprinidae where it encysts on the skin or muscles of
the fish.
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Figure 2.
Schematic representation of cancers of the biliary and bladder/urogenital tract resulting from

infection with the liver fluke Opisthorchisviverrini and the blood fluke Schistosoma
haematobium, respectively. The adult stage fluke of Opisthorchis viverrini, and small bile
ducts lined with cholangiocytes are depicted on the left side of the diagram. This epithelium
displays dysplasia during chronic opisthorchiasis and progression to frank malignancy. The
right side of the illustration depicts the adult blood flukes and eggs of Schistosoma
haematobium, and the urothelium (epithelium) lining the urinary bladder. Squamous cell
carcinoma of the bladder arises from urothelial cells transformed during chronic urogenital
schistosomiasis.
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Figure 3.
Schematic representation to explain the appearance DNA adducts recovered from

schistosomes or liver flukes and helminth-infected people. In steroidogenesis, cholesterol is
the protypical animal setrol precursor for estradiol, the primary female sex hormone. Also,
oxysterols are oxidation products of cholesterol. Structures A, D and E depict estradiol (A),
cholesterol (D), and 4B-hydroxycholesterol, an oxysterol (E). Examples of potentially
reactive catechol estrogen quinones are shown in B. Structure C presents examples of
catechol estrogen quinone-DNA adducts from urine during urogenital schistosomiasis [48,
59]. Hydroxylation of estrogens forms the 2- and 4-catechol estrogens, which can be further
oxidized to semiquinones and quinones, including the catechol estrogen-3,4-quinones, the
major carcinogenic metabolites of estrogens [53]. These kinds of electrophiles can react with
DNA to produce depurinating adducts such as those shown n panel E that, in turn, can lead
to mutations and cancer initiation [53].
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