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Helminths and Cancers From the Evolutionary Perspective
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Helminths include free-living and parasitic Platyhelminthes and Nematoda which infect millions of people worldwide. Some Platyhelminthes species of blood flukes (Schistosoma haematobium, Schistosoma japonicum, and Schistosoma mansoni) and liver flukes (Clonorchis sinensis and Opisthorchis viverrini) are known to be involved in human cancers. Other helminths are likely to be carcinogenic. Our main goals are to summarize the current knowledge of human cancers caused by Platyhelminthes, point out some helminth and human biomarkers identified so far, and highlight the potential contributions of phylogenetics and molecular evolution to cancer research. Human cancers caused by helminth infection include cholangiocarcinoma, colorectal hepatocellular carcinoma, squamous cell carcinoma, and urinary bladder cancer. Chronic inflammation is proposed as a common pathway for cancer initiation and development. Furthermore, different bacteria present in gastric, colorectal, and urogenital microbiomes might be responsible for enlarging inflammatory and fibrotic responses in cancers. Studies have suggested that different biomarkers are involved in helminth infection and human cancer development; although, the detailed mechanisms remain under debate. Different helminth proteins have been studied by different approaches. However, their evolutionary relationships remain unsolved. Here, we illustrate the strengths of homology identification and function prediction of uncharacterized proteins from genome sequencing projects based on an evolutionary framework. Together, these approaches may help identifying new biomarkers for disease diagnostics and intervention measures. This work has potential applications in the field of phylomedicine (evolutionary medicine) and may contribute to parasite and cancer research.
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INTRODUCTION

Helminths are polyphyletic, i.e., they have multiple origins over evolutionary time [e.g., see Ref. (1–4)]. They include free-living and parasitic species of Platyhelminthes (flatworms) and Nematoda (roundworms). Together, helminth parasitic species infect millions of people worldwide.

Infections by helminths may cause different types of cancers as shown by independent studies [reviewed in Ref. (5–9)]. This Mini Review is focused on Platyhelminthes. However, it is worth mentioning that some Nematoda are also related to human cancers [e.g., see Ref. (10, 11)].

The main goals of this Mini Review are to (1) summarize the current knowledge of human cancers caused by Platyhelminthes, (2) point out some helminth and human biomarkers identified so far, and (3) highlight the potential contributions of phylogenetics and molecular evolution to cancer research.

HELMINTHS AND HUMAN CANCERS

Platyhelminthes include parasitic flatworms that infect millions of people worldwide. To date, some species are known to be involved in human cancers. Liver flukes causing cholangiocarcinoma include Clonorchis sinensis and Opisthorchis viverrini. Blood flukes causing different types of cancers include Schistosoma haematobium (urinary bladder cancer), Schistosoma japonicum (colorectal hepatocellular carcinoma), and Schistosoma mansoni (colorectal hepatocellular carcinoma). The first three species mentioned above are classified as Group 1 carcinogens by the International Agency for Research on Cancer (IARC) (12).

Excellent reviews have focused on the association between Platyhelminthes and cancers [e.g., see Ref. (6, 13)]. These studies emphasize chronic inflammation as a common pathway for the initiation and development of cancer. Besides, they detail the carcinogenic process for cholangiocarcinoma and squamous cell carcinoma highlighting the oncogenes activation, suppressor genes inactivation, and somatic mutations as key factors in the initiation and promotion of malignancy.

Complementarily and challenged by the questioning of Brindley and colleagues (5, 9), other studies proposed a new hypothesis: 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 bladder and initiate biliary duct cancer and squamous cell carcinoma of the bladder during opisthorchiasis and urogenital schistosomiasis. In addition, Brindley and Loukas (14) extended the hypothesis for helminth-specific metabolites and included growth factors that induce repair and angiogenesis (14).

However, given the insufficiency of these hypotheses to explain the occurrence of cancer in the smallest part of the parasitized patients, more recent studies explore the auxiliary role of gastric, colorectal, and urogenital microbiomes (15–19).

Thus, Plieskatt and colleagues (18) demonstrated that infection with O. viverrini led to changes in the microbial communities of the gastrointestinal tract, including the emergence of microbes in the biliary system, enlarging inflammatory and fibrotic responses originated during opisthorchiasis. Subsequently, Sripa and colleagues (19) hypothesized that co-infection with Helicobacter species induces epithelial and adenomatous hyperplasias in the biliary tract (19).

In parallel, Itthitaetrakool and colleagues (17) demonstrated that chronic infection by O. viverrini enhances bacterial diversity in the liver and promotes Helicobacter pylori growth (17). Other bacteria (Dietziaceae, Oxalobacteraceae, and Pseudomonadaceae) predominate in the cancer microbiome and enteric bacteria (Bifidobacteriaceae, Enterobacteriaceae, and Enterococcaceae) prevail in the O. viverrini microbiome, establishing a linkage with carcinogenesis (16).

In addition, Adebayo and colleagues (15) studied the urinary microbiome during S. haematobium infection and demonstrated that specific microorganisms are associated with both inflammation and host protection (15). They noted that Proteobacteria and Firmicutes dominated the microbiome of both non-infected persons and persons with urogenital schistosomiasis.

Together, these pieces of evidence strengthen the importance of a phylogenetic approach of helminth, microbiome, and cancer associations as factors in identifying biomarkers and developing diagnostic tools for cholangiocarcinoma, urinary bladder cancer, and other cancers.

BIOMARKERS IN HUMAN CANCERS

During the past years, the scientific community has contributed to the tremendous progress in cancer research, including the identification of biomarkers involved in human cancers caused by helminths (9, 20–23).

In this context, a better understanding regarding cancer pathogenetic evolution can provide a positive impact in clinical procedures, more specifically related to diagnosis and therapeutics. Alterations within cancer cells at the molecular level (DNA, mRNA, miRNA, proteins, lipids, and carbohydrates) can be used as “sentinels” for risk assessment, differential diagnosis, prediction of treatment response, prognosis determination, and also for monitoring disease progression.

As previously mentioned, the carcinogenic potential of some parasitic species of Platyhelminthes was previously described in opisthorchiasis, clonorchiasis, and schistosomiasis. Besides causing public health issues through parasitism with consequences to human populations, C. sinensis and O. viverrini can also lead to cholangiocarcinoma development (bile duct cancer), while S. haematobium has been related to squamous cell carcinoma of the urinary bladder [reviewed in Ref. (9)]. Although the mechanisms by which helminth infection initiate genetic lesions that may result in cancer are likely to be multifactorial and not completely understood, some potential biomarkers have been described (10, 22, 24–27).

Gouveia and colleagues (25) used liquid chromatography-mass spectrometry to analyze urine from patients with urogenital schistosomiasis, revealing catechol estrogen quinones (CEQ), CEQ-DNA-adducts, 8-oxo-7, and 8-dihydro-2′-deoxyguanosine (8-oxodG) metabolites, which were not described in the metabolome database of healthy human urine (25, 28). For instance, 8-oxodG is a known biomarker for DNA oxidative damage and its significantly higher expression in bladder cancer may characterize a clear evidence that urogenital schistosomiasis can lead to tumor development (22, 26). Recently, a proteomic analysis conducted by Bernardo and colleagues (29), studying urine samples from urogenital schistosomiasis-induced carcinogenesis, supported the hypothesis that most cancers are likely to originate with a stimulus (biological or chemical), followed by chronic inflammation, fibrosis, and changes in the cellular microenvironment that result in transition from normal to cancer cells (29).

In addition, increased levels of urinary b-glucuronidase, cyclooxygenase-2, and nitrosamines have been pointed as carcinogenic compounds that lead to DNA damage and, consequently, to events such as DNA strand breaks, mutations, and sister chromatid exchanges (24, 27). Furthermore, changes in oncogenes, such as p53, retinoblastoma protein, epidermal growth factor receptor, erb-b2 receptor tyrosine kinase 2 (ERBB2), and Kirsten rat sarcoma viral oncogene homolog (KRAS), have been observed and a combination of distinct markers with synergistic effects can be used to stratifying patients into different risk groups [e.g., see Ref. (30–32)].

Similar findings were obtained for C. sinensis and O. viverrini where parasite-derived molecules from long-lasting infections can lead to uncontrolled growth of host cells and result in cholangiocarcinoma, the most common biliary tract malignancy, with dismal prognosis [e.g., see Ref. (33–35)]. Distinct biomarkers have been shown to be associated with cholangiocarcinoma, such as the carbohydrate antigen CA-19-9, which is widely used for diagnosis, but lacks specificity (36), interleukin-6 involved in pathogenesis of advanced periductal fibrosis (37), reactive oxygen species (ROS), and reactive nitrogen species (38). Furthermore, Maeng and collaborators (39) pointed out that the expression of various lipid peroxidation products were elevated during the infection. For instance, 8-oxodG, which is product of DNA lesion, was initially detected in the nucleus of the inflammatory cells and in the biliary epithelial cells, creating an environment that favors the development of diseases such as cholangiocarcinoma. Moreover, cofactors including preferences for nitrosamines-rich foods can exacerbate risk factors for cholangiocarcinoma [e.g., see Ref. (40)].

Messina and colleagues (10) have investigated the potential association between the Anisakis pegreffii (Nematoda: Anisakidae) and malignancy by evaluating molecular biomarkers related to stress response, oxidative stress, inflammation, and apoptosis (10). Their findings show that in vitro cell response to Anisakis products results in increased production of ROS, activation of kinases, strong upregulation of Hsp70, and elevated induction of p53, which lead to inflammation and DNA damage.

It is clear that distinct helminths may act as carcinogens leading to cancer development in humans. By contrast, closely related parasites are classified as possibly carcinogenic to humans (Group 2B, e.g., S. japonicum) or not classifiable as carcinogenic to humans (Group 3, e.g., S. mansoni) suggesting that certain tissues/organs are more prone to infection-induced malignancy (14).

Altogether, studies involving parasite-specific metabolites and proteins can open new frontiers for the development of helminth-induced cancer biomarkers for diagnosis, prognosis, and treatment. Although it is clear the potential value that the evolutionary perspective can add to molecular approaches in cancer treatment, more research is needed to increase our knowledge regarding the relationships among biomarkers, oncogenesis, and stages of different cancers.

PHYLOGENETICS AND EVOLUTION STUDIES

Phylogenetics and molecular evolution studies have been applied to a broad range of technological and scientific areas (41–46). However, these approaches have been overlooked in human cancers caused by helminths.

The question of whether evolutionary processes in cancers are driven by natural selection and adaptation or by other processes, such as founder effect and genetic drift, remain under debate (41, 46, 47). Fortunato and colleagues (47) propose convergent evolution through natural selection as the only satisfying explanation both for how diverse cancers have enough in common and why this convergent condition becomes life-threatening (47).

Several applications of the evolutionary framework including different methods and tools may contribute to cancer research. Main steps in molecular phylogenetics include homology search, sequence alignments, tree reconstruction, and tree annotation [cf. (45, 48)]. Searching for potential homologs through sequence similarity searches is a common practice. However, several errors might arise due the limitations or misinterpretation of the results obtained by this procedure [e.g., see Ref. (49, 50)]. Ideally, different approaches should be combined to have more accurate and robust results.

Different methods and several tools for sequence alignment and tree reconstruction are available [cf. (48)]. Tree annotation might include taxonomic information, geographic localization, epidemiological information, experimental characterization, etc. [cf. (45)].

As mentioned in the Section “Introduction,” helminths are known to be polyphyletic [e.g., see Ref. (1–4)]. The most well-supported hypothesis suggests that both Nematoda and Platyhelminthes are believed to have multiple origins over evolutionary time. Moreover, some helminths are considered to correspond to different strains or cryptic species such as O. viverini [cf. (51)]. Furthermore, helminths have complex life cycles including multiple hosts and vectors.

Together, these observations make the study of helminths very challenging. In order to better understand the interactions among helminths and their hosts and vectors and ultimately make predictions to improve cancer research, it is necessary to focus on studies including phylogenetics, phylogeography, and phylodynamics, among other approaches (41, 47, 51).

Evolutionary biology combined to evolutionary epidemiology may significantly overcome the challenges aforementioned and contribute to a better understanding of processes (co-evolution, natural selection, genetic drift, mutations, adaptations, etc.) that shape the evolution of helminths, humans, and cancers (41, 51).

In this context, research and control of liver flukes in Southeast Asia from the evolutionary perspective has been reviewed (51). This work illustrates how the evolutionary framework may improve our understanding of helminth transmission dynamics, helminth–host relationships (co-evolution, etc.), cancer etiology, etc. These authors also organized an evolutionary biology research agenda to address different questions regarding the biology of host–parasite interactions, parasite adaptations, chemotherapy, cancer prevention, etc (51). The potential impacts of such research include improvements in clinical studies and evolutionary epidemiology, among others.

Microbiomes have been investigated through metagenomic studies revealing that parasite infections lead to inflammation and disease development. The helminth microbiota interacts with the host potentially inducing such processes (15–19). A research agenda focused on the evolutionary relationships of the microbiota of different helminths and humans will shed light on cancer biology and guide new intervention strategies.

To our knowledge, biomarkers discussed in this article have not been analyzed from an evolutionary perspective. Therefore, it is critically important to apply the evolutionary thinking to evaluate their relationships with other genes, gene products, and molecules in the cellular and extracellular environments that might be involved in cancer development and progression. Biomarkers should be experimentally characterized in detail in order to support a rational design of potential targets for cancer diagnostics and treatment.

Sequencing data generated by the studies aforementioned include a majority of genes and proteins whose functions are not experimentally characterized. These genes and proteins are annotated as predicted, hypothetical, unknown, etc. The evolutionary framework has a tremendous power in analyzing sequence data and making function predictions [e.g., see Ref. (52–56)].

Studies applying phylogenetics to improve functional prediction and characterization of genes and proteins that play key roles among human parasites have been described [e.g., see Ref. (52–56)]. These studies illustrate the strengths of homology identification and function prediction of uncharacterized proteins from parasite genome sequencing projects by using phylogenetics. Similar approaches could be applied to study helminth and human biomarkers involved in cancers.

Together, phylogenetics and molecular evolution studies may contribute to identify helminth and human biomarkers in the different types of cancers aforementioned. Besides providing a robust framework for functional prediction and rational design of their experimental characterization, these approaches may contribute to improve personalized treatment to avoid cancer progression and drug resistance [cf. (46)].

CONCLUSION

Helminth infections cause different types of human cancers such as cholangiocarcinoma, colorectal hepatocellular carcinoma, squamous cell carcinoma, and urinary bladder cancer. Different biomarkers have been suggested as involved in cancers caused by helminth infection. However, the detailed mechanisms of human cancer development remain unresolved. Phylogenetics and molecular evolution studies of parasite and human genes and proteins may help identifying new biomarkers for disease diagnostics and intervention measures. Together, this work has applications in the field of phylomedicine, i.e., evolutionary medicine, and may contribute to the understanding parasite and cancer research (41, 42, 47, 51).

AUTHOR CONTRIBUTIONS

All authors have contributed equally to writing the manuscript. The final version was approved by all authors.

ACKNOWLEDGMENTS

The authors acknowledge the Fiocruz Minas Cancer Research Group, which is part of Fio-Câncer, a translational research network of the Oswaldo Cruz Foundation in Brazil. LS was funded by the Vale Institute of Technology (ITV(AD)/FIOCRUZ no. 22298). We thank two anonymous reviewers for valuable suggestions on this manuscript.

FUNDING

LS was funded by the Vale Institute of Technology (ITV(AD)/FIOCRUZ no. 22298).

REFERENCES

1. Giribet G. Assembling the lophotrochozoan (=spiralian) tree of life. Philos Trans R Soc Lond B Biol Sci (2008) 363(1496):1513–22. doi:10.1098/rstb.2007.2241

2. Ruiz-Trillo I, Riutort M, Fourcade HM, Baguñà J, Boore JL. Mitochondrial genome data support the basal position of Acoelomorpha and the polyphyly of the Platyhelminthes. Mol Phylogenet Evol (2004) 33(2):321–32. doi:10.1016/j.ympev.2004.06.002

3. Waeschenbach A, Webster BL, Bray RA, Littlewood DT. Added resolution among ordinal level relationships of tapeworms (Platyhelminthes: Cestoda) with complete small and large subunit nuclear ribosomal RNA genes. Mol Phylogenet Evol (2007) 45(1):311–25. doi:10.1016/j.ympev.2007.03.019

4. Winnepenninckx B, Backeljau T, Mackey LY, Brooks JM, De Wachter R, Kumar S, et al. 18S rRNA data indicate that Aschelminthes are polyphyletic in origin and consist of at least three distinct clades. Mol Biol Evol (1995) 12(6):1132–7. doi:10.1093/oxfordjournals.molbev.a040287

5. Brindley PJ, Costa JMCD, Sripa B. Why does infection with some helminths cause cancer? Trends Cancer (2015) 1(3):174–82. doi:10.1016/j.trecan.2015.08.011

6. Fried B, Reddy A, Mayer D. Helminths in human carcinogenesis. Cancer Lett (2011) 305(2):239–49. doi:10.1016/j.canlet.2010.07.008

7. Mayer DA, Fried B. The role of helminth infections in carcinogenesis. Adv Parasitol (2007) 65:239–96. doi:10.1016/S0065-308X(07)65004-0

8. Oikonomopoulou K, Brinc D, Hadjisavvas A, Christofi G, Kyriacou K, Diamandis EP. The bifacial role of helminths in cancer: involvement of immune and non-immune mechanisms. Crit Rev Clin Lab Sci (2014) 51(3):138–48. doi:10.3109/10408363.2014.886180

9. van Tong H, Brindley PJ, Meyer CG, Velavan TP. Parasite infection, carcinogenesis and human malignancy. EBioMedicine (2017) 15:12–23. doi:10.1016/j.ebiom.2016.11.034

10. Messina CM, Pizzo F, Santulli A, Buselić I, Boban M, Orhanović S, et al. Anisakis pegreffii (Nematoda: Anisakidae) products modulate oxidative stress and apoptosis-related biomarkers in human cell lines. Parasit Vectors (2016) 9(1):607. doi:10.1186/s13071-016-1895-5

11. Sofronic-Milosavljevic L, Ilic N, Pinelli E, Gruden-Movsesijan A. Secretory products of Trichinella spiralis muscle larvae and immunomodulation: implication for autoimmune diseases, allergies, and malignancies. J Immunol Res (2015) 2015:523875. doi:10.1155/2015/523875

12. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Biological agents. Volume 100 B. A review of human carcinogens. IARC Monogr Eval Carcinog Risks Hum (2012) 100(Pt B):1–441.

13. Vennervald BJ, Polman K. Helminths and malignancy. Parasite Immunol (2009) 31(11):686–96. doi:10.1111/j.1365-3024.2009.01163.x

14. Brindley PJ, Loukas A. Helminth infection-induced malignancy. PLoS Pathog (2017) 13(7):e1006393. doi:10.1371/journal.ppat.1006393

15. Adebayo AS, Survayanshi M, Bhute S, Agunloye AM, Isokpehi RD, Anumudu CI, et al. The microbiome in urogenital schistosomiasis and induced bladder pathologies. PLoS Negl Trop Dis (2017) 11(8):e0005826. doi:10.1371/journal.pntd.0005826

16. Chng KR, Chan SH, Ng AHQ, Li C, Jusakul A, Bertrand D, et al. Tissue microbiome profiling identifies an enrichment of specific enteric bacteria in Opisthorchis viverrini associated cholangiocarcinoma. EBioMedicine (2016) 8:195–202. doi:10.1016/j.ebiom.2016.04.034

17. Itthitaetrakool U, Pinlaor P, Pinlaor S, Chomvarin C, Dangtakot R, Chaidee A, et al. Chronic Opisthorchis viverrini infection changes the liver microbiome and promotes helicobacter growth. PLoS One (2016) 11(11):e0165798. doi:10.1371/journal.pone.0165798

18. Plieskatt JL, Deenonpoe R, Mulvenna JP, Krause L, Sripa B, Bethony JM, et al. Infection with the carcinogenic liver fluke Opisthorchis viverrini modifies intestinal and biliary microbiome. FASEB J (2013) 27(11):4572–84. doi:10.1096/fj.13-232751

19. Sripa B, Deenonpoe R, Brindley PJ. Co-infections with liver fluke and Helicobacter species: a paradigm change in pathogenesis of opisthorchiasis and cholangiocarcinoma? Parasitol Int (2017) 66(4):383–9. doi:10.1016/j.parint.2016.11.016

20. Correia da Costa JM, Vale N, Gouveia MJ, Botelho MC, Sripa B, Santos LL, et al. Schistosome and liver fluke derived catechol-estrogens and helminth associated cancers. Front Genet (2014) 5:444. doi:10.3389/fgene.2014.00444

21. Eissa S, Matboli M, Shawky S, Essawy NO. Urine biomarkers of schistosomiais and its associated bladder cancer. Expert Rev Anti Infect Ther (2015) 13(8):985–93. doi:10.1586/14787210.2015.1051032

22. Kawanishi S, Ohnishi S, Ma N, Hiraku Y, Oikawa S, Murata M. Nitrative and oxidative DNA damage in infection-related carcinogenesis in relation to cancer stem cells. Genes Environ (2017) 38:1–12. doi:10.1186/s41021-016-0055-7

23. Koonrungsesomboon N, Wadagni AC, Mbanefo EC. Molecular markers and Schistosoma-associated bladder carcinoma: a systematic review and meta-analysis. Cancer Epidemiol (2015) 39(4):487–96. doi:10.1016/j.canep.2015.06.004

24. El-Sheikh SS, Madaan S, Alhasso A, Abel P, Stamp G, Lalani EN. Cyclooxygenase-2: a possible target in schistosoma-associated bladder cancer. BJU Int (2001) 88(9):921–7. doi:10.1046/j.1464-4096.2001.01649.x

25. Gouveia MJ, Santos J, Brindley PJ, Rinaldi G, Lopes C, Santos LL, et al. Estrogen-like metabolites and DNA-adducts in urogenital schistosomiasis-associated bladder cancer. Cancer Lett (2015) 359(2):226–32. doi:10.1016/j.canlet.2015.01.018

26. Ma N, Thanan R, Kobayashi H, Hammam O, Wishahi M, El Leithy T, et al. Nitrative DNA damage and Oct3/4 expression in urinary bladder cancer with Schistosoma haematobium infection. Biochem Biophys Res Commun (2011) 414(2):344–9. doi:10.1016/j.bbrc.2011.09.073

27. Mostafa MH, Sheweita SA, O’Connor PJ. Relationship between schistosomiasis and bladder cancer. Clin Microbiol Rev (1999) 12(1):97–111.

28. Bouatra S, Aziat F, Mandal R, Guo AC, Wilson MR, Knox C, et al. The human urine metabolome. PLoS One (2013) 8(9):e73076. doi:10.1371/journal.pone.0073076

29. Bernardo C, Cunha MC, Santos JH, da Costa JM, Brindley PJ, Lopes C, et al. Insight into the molecular basis of Schistosoma haematobium-induced bladder cancer through urine proteomics. Tumour Biol (2016) 37(8):11279–87. doi:10.1007/s13277-016-4997-y

30. Abd El-Aal AA, Bayoumy IR, Basyoni MM, Emran AM, Abd El-Tawab MS, Badawi MA, et al. Genomic instability in complicated and uncomplicated Egyptian Schistosomiasis haematobium patients. Mol Cytogenet (2015) 8(1):1. doi:10.1186/s13039-014-0104-5

31. Botelho MC, Veiga I, Oliveira PA, Lopes C, Teixeira M, da Costa JM, et al. Carcinogenic ability of Schistosoma haematobium possibly through oncogenic mutation of KRAS gene. Adv Cancer Res Treat (2013) 2013:876585. doi:10.5171/2013.876585

32. Khaled H. Schistosomiasis and cancer in Egypt: review. J Adv Res (2013) 4(5):461–6. doi:10.1016/j.jare.2013.06.007

33. Blechacz B, Komuta M, Roskams T, Gores GJ. Clinical diagnosis and staging of cholangiocarcinoma. Nat Rev Gastroenterol Hepatol (2011) 8(9):512–22. doi:10.1038/nrgastro.2011.131

34. Ghouri YA, Mian I, Blechacz B. Cancer review: cholangiocarcinoma. J Carcinog (2015) 14:1. doi:10.4103/1477-3163.151940

35. Mairiang E, Laha T, Bethony JM, Thinkhamrop B, Kaewkes S, Sithithaworn P, et al. Ultrasonography assessment of hepatobiliary abnormalities in 3359 subjects with Opisthorchis viverrini infection in endemic areas of Thailand. Parasitol Int (2012) 61(1):208–11. doi:10.1016/j.parint.2011.07.009

36. Gatto M, Bragazzi MC, Semeraro R, Napoli C, Gentile R, Torrice A, et al. Cholangiocarcinoma: update and future perspectives. Dig Liver Dis (2010) 42(4):253–60. doi:10.1016/j.dld.2009.12.008

37. Sripa B, Mairiang E, Thinkhamrop B, Laha T, Kaewkes S, Sithithaworn P, et al. Advanced periductal fibrosis from infection with the carcinogenic human liver fluke Opisthorchis viverrini correlates with elevated levels of interleukin-6. Hepatology (2009) 50(4):1273–81. doi:10.1002/hep.23134

38. Jusakul A, Yongvanit P, Loilome W, Namwat N, Kuver R. Mechanisms of oxysterol-induced carcinogenesis. Lipids Health Dis (2011) 10:44. doi:10.1186/1476-511X-10-44

39. Maeng S, Lee HW, Bashir Q, Kim TI, Hong SJ, Lee TJ, et al. Oxidative stress-mediated mouse liver lesions caused by Clonorchis sinensis infection. Int J Parasitol (2016) 46(3):195–204. doi:10.1016/j.ijpara.2015.11.003

40. Sriraj P, Boonmars T, Aukkanimart R, Songsri J, Sripan P, Ratanasuwan P, et al. A combination of liver fluke infection and traditional northeastern Thai foods associated with cholangiocarcinoma development. Parasitol Res (2016) 115(10):3843–52. doi:10.1007/s00436-016-5148-5

41. Aktipis CA, Nesse RM. Evolutionary foundations for cancer biology. Evol Appl (2013) 6(1):144–59. doi:10.1111/eva.12034

42. Kumar S, Dudley JT, Filipski A, Liu L. Phylomedicine: an evolutionary telescope to explore and diagnose the universe of disease mutations. Trends Genet (2011) 27(9):377–86. doi:10.1016/j.tig.2011.06.004

43. Losos JB, Arnold SJ, Bejerano G, Brodie ED III, Hibbett D, Hoekstra HE, et al. Evolutionary biology for the 21st century. PLoS Biol (2013) 11(1):e1001466. doi:10.1371/journal.pbio.1001466

44. Mindell DP. Evolution in the everyday world. Sci Am (2009) 300(1):82–9. doi:10.1038/scientificamerican0109-82

45. Nahum LA, Pereira SL. Phylogenomics, protein family evolution, and the tree of life: an integrated approach between molecular evolution and computational intelligence. 1st ed. In: Smolinski TG, Milanova MG, Hassanien A-E, editors. Applications of Computational Intelligence in Biology: Current Trends and Open Problems. Berlin, Heidelberg: Springer-Verlag (2008). p. 259–79.

46. Posada D. Cancer molecular evolution. J Mol Evol (2015) 81(3–4):81–3. doi:10.1007/s00239-015-9695-7

47. Fortunato A, Boddy A, Mallo D, Aktipis A, Maley CC, Pepper JW. Natural selection in cancer biology: from molecular snowflakes to trait hallmarks. Cold Spring Harb Perspect Med (2017) 7(2):a029652. doi:10.1101/cshperspect.a029652

48. Felsenstein J. Inferring Phylogenies. 2nd ed. Sunderland, MA: Sinauer Associates (Oxford University Press) (2003). 580 p.

49. Bork P, Dandekar T, Diaz-Lazcoz Y, Eisenhaber F, Huynen M, Yuan Y. Predicting function: from genes to genomes and back. J Mol Biol (1998) 283(4):707–25. doi:10.1006/jmbi.1998.2144

50. Ponting CP. Issues in predicting protein function from sequence. Brief Bioinform (2001) 2(1):19–29. doi:10.1093/bib/2.1.19

51. Echaubard P, Sripa B, Mallory FF, Wilcox BA. The role of evolutionary biology in research and control of liver flukes in Southeast Asia. Infect Genet Evol (2016) 43:381–97. doi:10.1016/j.meegid.2016.05.019

52. Cuesta-Astroz Y, Scholte LL, Pais FS, Oliveira G, Nahum LA. Evolutionary analysis of the cystatin family in three Schistosoma species. Front Genet (2014) 5:206. doi:10.3389/fgene.2014.00206

53. Scholte LLS, Mourão MM, Pais FS, Melesina J, Robaa D, Volpini AC, et al. Evolutionary relationships among protein lysine deacetylases of parasites causing neglected diseases. Infect Genet Evol (2017) 53:175–88. doi:10.1016/j.meegid.2017.05.011

54. Silva LL, Marcet-Houben M, Nahum LA, Zerlotini A, Gabaldón T, Oliveira G. The Schistosoma mansoni phylome: using evolutionary genomics to gain insight into a parasite’s biology. BMC Genomics (2012) 13:617. doi:10.1186/1471-2164-13-617

55. Silva LL, Marcet-Houben M, Zerlotini A, Gabaldón T, Oliveira G, Nahum LA. Evolutionary histories of expanded peptidase families in Schistosoma mansoni. Mem Inst Oswaldo Cruz (2011) 106(7):864–77. doi:10.1590/S0074-02762011000700013

56. Valdivia HO, Scholte LL, Oliveira G, Gabaldón T, Bartholomeu DC. The Leishmania metaphylome: a comprehensive survey of Leishmania protein phylogenetic relationships. BMC Genomics (2015) 16:887. doi:10.1186/s12864-015-2091-2

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Scholte, Pascoal-Xavier and Nahum. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
? frontiers
in Medicine

Helminths and Cancers From the
Evolutionary Perspective





OPS/images/logo.jpg
Ghesk for

i@





