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Abstract
The association of cancer with preceding parasitic infections has been observed for over 200
years. Some such cancers arise from infection of tissue stem cells by viruses with insertion of viral
oncogenes into the host DNA (mouse polyoma virus, mouse mammary tumor virus). In other
cases the virus does not insert its DNA into the host cells, but rather commandeers the metabolism
of the infected cells, so that the cells continue to proliferate and do not differentiate (human
papilloma virus and cervical cancer). Cytoplasmic Epstein Barr virus infection is associated with a
specific gene translocation (Ig/c-myc) that activates proliferation of affected cells (Burkitt
lymphoma). In chronic osteomyelitis an inflammatory reaction to the infection appears to act
through production of inflammatory cytokines and oxygen radical formation to induce epithelial
cancers. Infection with Helicobacter pylori leads to epigenetic changes in methylation and
infection by a parasite. Clonorchis sinensis also acts as a promoter of cancer of the bile ducts of
the liver (cholaniocarcinoma). The common thread among these diverse pathways is that the
infections act to alter tissue stem cell signaling with continued proliferation of tumor transit
amplifying cells.
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INTRODUCTION
The goal of this chapter is to explore how infections cause cancer via effects on stem cell
signaling. The idea that parasitic infections cause cancer is one of the oldest theories of the
origin of cancer. Here I will use specific examples to show the relationship of infections to
the concept that cancer arises from stem cells as a result of affecting stem cell signaling. It is
now well known that many cancers are caused by infections, mainly of viral origin. Viral
infections can cause genetic changes by integrating into host DNA (mouse polyoma and
mammary tumor viruses); they can cause gene translocations, resulting in constitutive
activation of cell signaling pathways for proliferation (Epstein-Barr Virus); they can produce
products that take over the signaling pathways of tissue stem cells and allow continued
proliferation of transit amplifying cells derived from the stem cells (human papilloma virus),
or they can produce tissue injury, resulting in an enhancing or promoting effect on initiated
cells (viral hepatitis). In addition, examples are presented in which bacterial infection leads
to epigenetic changes associated with development of cancer (Helicobacter pylori) or acts as
a promoting agent (chronic osteomyelitis). Infection by a parasite, Clonorchis sinensis also
acts as a promoter of cancer of the bile ducts of the liver (cholaniocarcinoma). For each of
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these infectious pathways, evidence is presented that tissue determined stem cells are the
target of the infection.

INFECTION AND THE STEM CELL ORIGIN OF CANCER
The relationship between infection and the stem cell origin of cancer has been the subject of
repeated controversy for several hundred years. In the last 40-50 years, appreciation of the
role of stem cells in cancer has resulted in a change in how we think about cancer [1-5].
Prior to the 19th century cancer was believed to arise from an excess of black bile. A view
consistent with the humoral theory of disease as espoused by such luminaries as
Hippocrates, Celsus, Galen [6], and St. Thomas Aquinas. In the first half of the 19th century,
Joseph Claude Anselme Recamier [7] and Robert Remak [8] observed that cancer tissues
looked more like embryonic tissues than like adult tissues. That observation led to the
embryonal rest theory of cancer proposed by Franco Durante [9] and Julius Cohnheim [10].
The embryonal theory of cancer was a forerunner of the stem cell theory of cancer that
would be adumbrated later [1-3]. However, during the latter half of the 19th century, the
embryonal rest theory of cancer fell out of favor, to be supplemented by the infectious origin
of cancer; cancer was thought to derive from de-differentiation of mature tissues as a result
of infection.

The de-differentiation theory of cancer posits that cancers arise from changes in mature
differentiated cells, so that the de-differentiated cancer cells do not die and continue to
proliferate. A number of observations led to general acceptance of the de-differentiation
theory. As late as 1853, Sir James Paget wrote that cancers came from morbid material in
the blood, essentially a variation of the black bile theory [11]. Even Rudolf Virchow, the
“Father of Pathology” [12], who described embryonic tissues in teratocarcinomas,
concluded that cancers arose from adult connective tissue during chronic inflammation. The
earlier observation that chimney sweeps developed cancer of the scrotum [13,14], was
interpreted to mean that cancers were induced in mature epithelial tissues by chemicals.
Others considered cancer to arise from a disequilibrium between connective tissue and
epithelium [15], a changed “habit of growth” of normal cells [16,17], or the loss of a
restraining environment of the body on displaced tissue cells, leading to de-differentiation of
mature cells [18]. Amedee Borrel [19] and a number of other scientists believed that
infection by parasites caused cancers; by 1911, Peyton Rous had identified the Rous
sarcoma virus as a cause of cancer in poultry [20]. Finally, Theodore Boveri [21] discovered
that cancer cells have abnormal chromosome content. Each of these observations was
considered to support de-differentiation as the main mechanism of development of cancer.
By 1914, Bainbridge, in his authoritative book “The Cancer Problem” [22], concluded “The
congenital or embryonic theory of the origin of cancer has received no support whatever
from the experimental and comparative investigations of recent times”. De-differentiation
remained the dominant theory of the origin of cancer into the 1980s. However, the role of
stem cells in cancer was restored by studies on teratocarcinoma and leukemia [1,3], as well
as other cancers, that convincingly showed that most cancers, if not all, must arise from stem
cells and retained cells with stem-cell properties. For many years, infections agents, such as
parasites, were thought to cause cancer, but definitive proof was lacking [19,22].

VIRUSES AND CANCER
The ability to transfer cancers with bacterial and cell free filtrates of tumor material in
chickens led to the discovery of Rous sarcoma virus in 1910 [20,23], the first convincing
evidence that viruses can cause cancer. However, for over 40 years, that remained an
isolated finding. Then, in 1951, Ludwig Gross discovered that mouse leukemias [24],
mammary carcinomas [25], and salivary gland carcinomas [26] were also transplantable
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using cell free filtrates of fluids from cancerous tissues. A few years later, Eddy and
collaborators were able to culture from mice a tumor virus that would cause cancer when
injected back into normal mice [27]. This cultured “virus” induced tumors in various organs
when transmitted to mice, so these workers named it mouse polyoma virus (MPyV,28).

MOUSE POLYOMA VIRUS
Studies on MPyV and simian virus 40 (SV40) led the way to a new understanding of the
genes and gene products responsible for initiation of cancer [29]. Both MPyV and SV40 are
small DNA tumor viruses. MPyV rarely causes any adverse effects in the wild, and persists
as an endemic harmless infection. Tumor induction was only noted when large amounts of
the virus were injected into newborn mice, or into adult mice that were immune deficient
[29]. Cells infected in vitro with MPyV or SV40 can undergo either lytic infection (the
infected cells die) or viral transformation (the infected cells become immortal). In a lytic or
permissive infection, the virus replicates in the infected cells, and fully formed infectious
viral particles are released when the cells lyse [30]. During transformation infection, the
infected cells are stimulated to proliferate by the virus, but the cells are not lysed, and few, if
any, viral particles are produced. Thus, transformation can be considered a “failed” infection
that stimulates proliferation of the infected cells without formation of complete competent
viral particles.

During lytic infection, the virus attaches to the cell, and is endocytosed and transported to
the nucleus; there it is uncoated, and the viral DNA integrates into the host genome and is
then transcribed [31]. When sera from infected animals were used to identify antigens in the
MPyV virus, three viral antigens and a host antigen were identified. The viral antigens were
named large T (LT), middle T (MT) and small T (ST); the host antigen was p53, now widely
known as a tumor suppressor, but found in mutated form after MPyV infection [32]. Viral
transformation of infected cells is largely determined by both the LT and MT antigens, but
the effects of the two antigens are quite different [33]. LT converts primary mouse cells into
immortal cell lines that are not tumorigenic; whereas MT converts cultured cells into a fully
tumorigenic cell line [34]. Thus, the oncogenic function of MPyV is related to the effects of
the polyoma MT antigen, PyMT [35]. The transforming activity of PyMT is associated with
tyrosine phosphorylation of the product of c-src [36], a cellular oncogene. The interaction of
PyMT with other proteins in the cell-activation signaling cascade that leads to malignant
transformation has been reviewed by Cheung [37]. Compelling experimental models of
breast cancer can be are generated if the PyMT oncogene is linked to the mouse mammary
tumor (MMTV) virus promoter. Before discussion of the MMTV-PyMT is model, let us
consider MMTV and the cellular origin of breast cancer in the mouse.

MOUSE MAMMARY TUMOR VIRUS
MMTV specifically infects mouse mammary cells and produces random interruptions in the
somatic DNA via insertion of pro-viral DNA copies into the DNA of the infected cells. In
infected mammary glands, hyperplastic lesions containing MMTV-induced mutations are
precursors to invasive lesions [38]. The MMTV-induced mutations occur in single long-
lived epithelial cells present in normal mammary glands that possess the properties of stem
cells, i.e., self-renewal, and the ability to produce divergent epithelial progeny [39]. Genes
families commonly affected by MMTV insertion in multiple individual tumors include Wnt,
FGF, RSpo, as well as eIF3e and Notch 4 that are known to play essential roles in stem-cell
maintenance and behavior [39]. Thus, MMTV acts at the level of mammary stem cells to
induce proliferation and immortality.
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MMTV PROMOTER-DRIVEN ONCOGENE TRANSGENIC MICE
The MMTV long terminal repeat promoter has been used to create very informative
transgenic mouse models for breast cancer [40]. Carcinogenic transgenes are manufactured
by linking the MMTV promoter to a selected oncogene. Then, when the MMTV promoter is
activated in the developing mammary glands of transgenic mice, the oncogene products will
be produced. MMTV-driven oncogenes producing mammary cancers in mice include
PyMT, neu/ErbB2, cyclin D1, Cyclin E, Ras, Myc, Int-1, and c-rel [41,42]. Transgenic mice
with these genes develop mammary tumors with variable ages of onset, histology, and
invasiveness, related to the oncogenic pathways activated by the oncogenes [40,41]. We will
now consider the MMTV-PyMT transgenic mouse.

MMTV-PyMT
In the MMTV-PyMT transgenic mouse the mouse mammary tumor virus promoter is linked
to the polyoma middle T-antigen oncogene [42]. These mice are available from NIH. The
MMTV promoter is activated early during development of the mouse mammary gland
epithelium leading to expression of PyMT. Hemizygous female MMTV-PyMT mice
develop palpable BCAs within 5 weeks of age and large tumors by 10 weeks of age. Males
first develop BCA at about 16 weeks and must be euthanized at about 7 months of age. The
BCAs in these mice are similar to ductal or basal breast cell breast carcinomas of humans.
They grow very rapidly and have a varied histological appearance including medullary,
glandular and ductal morphology. Early multifocal preneoplastic lesions involve the ends of
growing ducts [42] where putative breast stem cells are located [1]. Thus, in this, and other
mouse models of mammary cancer, the evidence is that activation of the oncogene occurs in
the self-renewing mammary stem cell and that proliferation of this cell leads to
accumulation of immortal breast cancer cells. Recent evidence indicates that bone marrow
stem cells from MMTV-PyMT mice may be able to migrate to the breast and
transdifferentiate into breast epithelial cells, which then become cancerous [43]. Thus, the
transgenic oncogene is present in all the cells of the transgenic mice, but only becomes
activated to produce cancers in breast tissue. Cell lines derived from the early ductal
carcinoma in situ lesions of MMTV-PyMT mice are able to be transplanted into mammary
fat pads cleared of normal breast tissue of syngeneic recipients and “progress” to invasive
cancer with bi-potential for formation of myoepithelial and luminal cells [44]. Invasive
cancer in this model most likely derives from a pre-cancer stem cell that is capable of self-
renewal and multi-lineage differentiation, without further mutation. What is the evidence, if
any, that MMTV is associated with human breast cancer?

MMTV AND HUMAN BREAST CANCER
Circumstantial evidence suggests that viruses such as MMTV, Epstein-Barr virus (EBV) and
human papilloma virus (HPV) are involved in causation of human breast cancer [41,45].
Homologous sequences of the env gene of MMTV are found in approximately 40% of
human breast cancers, but not in normal breast tissue or other types of cancer [46]. In
addition, MMTV-specific RNA sequences have been found in human breast cancer
specimens [47]. The poor prognosis of gestational associated breast cancer arises from
stimulation of expression of MMTV-like sequences present in the human genome by
pregnancy hormones [48]. The MMTV provirus is associated with progesterone receptor-
positive advanced breast cancer with p53 mutations, and MMTV has hormone-responsive
elements that correlate with enhanced replication and poor prognosis [49]. MMTV infection
rapidly expands in cultured human breast cells [50], but productive infection of human cells
in vivo has not been reported. However, viral particles with 95% homology to MMTV have
been isolated from primary cultures of human breast cancer cells; the isolated virus has been
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named human mammary tumor virus [HMTV; 51]. Thus, although there is highly suggestive
evidence that MMTV is involved in the carcinogenic process for at least some human breast
cancers, the evidence remains circumstantial [41,45,49]. We can speculate that integration of
the MMTV envelope (env) sequence into mammary stem cells, especially during gestation,
is the first step in development of at least some human breast cancers. HPV and EBV have
also been indicted as suspects in the causation of human breast cancer, but not convicted
[45].

HUMAN PAPILLOMA VIRUS (HPV)
In 1983, Harald zur Hausen and his co-workers in 1983 found that certain types of HPV
were associated with cervical cancer [52]. Most of the normal cervical epithelium is made
up of terminally differentiated cells containing large amounts of glycogen. HPV infects the
proliferation-competent basal stem cells of the cervix. The virus hijacks the metabolism of
these cells and directs the infected cells to produce viral proteins. Viral E6 and E7 proteins
inhibit tumor suppressor genes, E6 inhibits p53, while E7 inhibits p53, p21, and RB [53].
Thus, the viral products reprogram the cervical stem cells for the purposes of their own
proliferation and survival. The infected cells no longer differentiate and fill with glycogen,
but rather they proliferate and replace the normal cervical epithelium with immature
proliferating cells (cervical intraepithelial neoplasia, or CIN). The cervical cells continue to
divide by symmetric rather than asymmetric division and eventually replace the normal
cervical epithelium. If the lesion is not treated, the malignant cervical cells invade the
basement membrane of the cervix. Fortunately, invasive cancer of the cervix can often be
prevented. The development of CIN can be detected through periodic examination of the
exfoliated cells of the cervix [Papanicolaou smear, 54]. If immature cells are found, the
lesions in the cervix can be identified by failure of the poorly differentiated cells lacking
glycogen to be colored blue by iodine. The unstained epithelial tissue can then be removed
by superficial surgery, and the future growth of cancer prevented the future this approach
may become less necessary with the use of HPV vaccines to immunize against infection; a
process that prevents development of cervical cancer. Recently, evidence has been
accumulating that a genus of HPV is associated with squamous cell carcinoma of the skin
[55].

HEPATITIS VIRUS-ASSOCIATED LIVER CANCER
Other that exposure to aflatoxin, the major risk factor for human liver cancer is hepatitis
virus infection [56]. In experimental models designed for the study of these risk factors,
hepatitis-associated liver injury acts as a promoter of chemically initiated liver stem cells
[57]. The situation with viral hepatitis and human liver cancer is much more complicated.
Many lines of epidemiologic evidence connect hepatitis B virus (HBV) and hepatitis C virus
(HCV) to human liver cancers, but exactly how these viruses cause cancer in the absence of
exposure to a chemical carcinogen remains controversial. There appear to be two pathways
for each virus [58,59]. In HBV-associated liver cancer, the HBV viral genome integrates
into host DNA potentially resulting in loss of tumor suppression or activation of oncogenes
[59]. Alternatively, production of the HBV X-protein causes disruption of cell cycle
regulation, signaling, cell adhesion, and apoptosis [60]. Which of these disruptions is
actually causative of cancer is not clear. For HCV, the viral DNA does not integrate into the
host DNA, but the core HCV protein acts on host-cell mitochrondria to produce oxidative
stress, which induces aberrations in cell growth-associated genes [60,61]. Modulation of
cellular gene expression also occurs, leading to up-regulation of mitogen-activated protein
kinases and activating factor 1 (AP-1), resulting in stimulation of cell proliferation [60,61].
At least four HCV gene products, namely HCV core, NS3, NS4B, and NS5A, can induce

Sell Page 5

Curr Pharm Biotechnol. Author manuscript; available in PMC 2013 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transformation in tissue culture [61]; HCV core and NS5A activate the Wnt-β-catenin cell
activation pathway.

The relevant question for the cellular origin of human liver cancer is, at what level of the
liver cell hierarchy (stem cell, ductal progenitor cell or hepatocyte) do these combinations of
genetic and epigenetic events act? HBV and HCV clearly infect mature liver cells, activate
proliferation of otherwise quiescent hepatocytes, inhibit apoptotic pathways, and produce
hepatocellular carcinoma (HCC). The fact that mature liver cells can give rise to cancer
could be argued to be an example of de-differentiation. However, mature hepatocytes
respond to loss [62,63], or injury [64,65] of liver cells by proliferation. Since mature liver
cells can proliferate, we argue that virus-induced HCCs represent examples of late
maturation arrest of cells in the liver cell lineage [1], as is hypothesized for experimental
HCC induced chemically by diethynitrosamine [66,67].

MUTATIONS
Mutations were first proposed as a cause of cancer by Theodor Boveri in 1914, following his
identification of abnormal chromosomes in sea urchin embryos that resulted in
morphologically distorted mitoses [68]. The direct association with cancer was tenuous, and
van Hanesmann later argued that if abnormal chromosomes were present in cancer, they
were more likely to be the result of cancer than the cause of it [69]. Abnormal mitoses were
seen in many cancers, but not until the identification of specific mutations in leukemia could
mutations be definitively linked to the induction of cancer. It would be over 50 years later
that the mutation theory of cancer was proved for human leukemia.

LEUKEMIA
Peter Nowell in the 1970s [70] identified a specific gene translocation in two chromosomes
of chronic myeloid leukemia (CML) cells, i.e., the Philadelphia chromosome. In the
Philadelphia chromosome, the break point cluster region (bcr) on chromosome 22 is
repositioned next to a known oncogene (abl) on chromosome 9. The translocation produces
a transgene product (bcr-abl) that increases proliferation, blocks apoptosis, and liberates the
leukemia cells from their tissue niche. Since that discovery, a large number of gene
translocations have been identified in leukemia and lymphoma [71,72]. The role played by
infections in the translocation process remains unclear for most leukemia. However, in
Burkitt lymphoma a translocation appears to be introduced as a result of a virus infection.

BURKITT LYMPHOMA
Burkitt lymphoma was discovered to be strongly associated with infection by the EBV in
1964 [73]. The continued proliferation of cells in Burkitt lymphoma is due to translocation
of the immunoglobulin promoter (Ig) next to the powerful oncogene c-myc, with resultant
proliferation of B-cells. It is not clear how the viral infection results in this translocation, but
an experimental model of it illustrates how activation of the Ig-myc transgene is related to
the stage of maturation arrest of the lymphoma.

The experimental model is a transgenic mouse that has the Ig promoter linked to c-myc and
bcl2 [74,75]. When the immunoglobulin promoter is activated, there is expression of one
gene that increases proliferation (c-myc) and another that blocks apoptosis (bcl2), numbers
of lymphoma cells thus increase synergistically. The key point here is the linkage to the Ig
promoter. The characteristic property of B-cells is production of immunoglobulin, i.e.,
activation of the Ig promoter. Although the transgene is present in all of the cells of the
transgenic mouse it is only activated in B-cells. Thus, the inserted transgenes produce
maturation arrest and proliferation at the B-cell level, i.e., a B-cell lymphoma, even though
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the same translocation is present in precursor cells in the B-cell lineage. Although other
translocations are found in various myeloid leukemias, viral involvement has not been
demonstrated, and the causes such of translocations are unknown [76].

In humans, Burkitt lymphoma is associated with infection of cells in the B-cell lineage with
EBV. Infected cells may spontaneously lose EBV plasmids during proliferation and then do
not become transformed [77]. EBV is a member of the herpes-virus family and infects more
that 90% of human during their lifetimes [78]; 55% of seropositive individuals actively shed
virus in the saliva at any given time [79]. EBV DNA does not incorporate into host DNA,
but the in the infected cells the virus produces its own DNA polymerase and replicates by
usurping host cell mechanisms during mitosis. The activation of the proto-oncogene c-myc
appears to be the critical genetic mechanism causing Burkitt lymphoma in humans.
However, the product of c-myc activates both proliferation and apoptosis. Since increased
apoptosis offsets c-MYC induced proliferation, infection with EBV is generally
symptomless [80]; so another event must produce lymphoma-genesis. How infection with
EB virus actually produces such an inhibition of apoptosis remains controversial. Mutations
resulting in loss of function of pro-apoptotic proteins such as p53, Rb, or Bim (Bcl-2 family)
could be responsible in some cases [81]. Viral EBNA-1 or EBNA3A could also play a role,
or EBNAec could prevent apoptosis through repression of BIM [81]. In addition, microRNA
clusters, such as EBR1 and EBR2, which are highly expressed in EBV associated tumors,
could block apoptosis [82]. Other infections, such as malaria and HIV, can induce
polyclonal B-cell activation and could cooperate with EBV to produce lymphoma in some
cases [83]. Thus, EBV infection is necessary, but not sufficient, to produce lymphoma. In
any case, if the lymphoma is to be maintained, EBV infection must occur at the level of a
precursor cell in the B-cell lineage, a cell in which it establishes a lifelong latent infection
[84]; then a second event must occur that results in activation and maturation arrest of
memory B-cells.

BACTERIAL INFECTIONS
The association of cancer with bacterial infections has been noted many times in the past,
but a direct relationship between cancer and bacterial infections has been difficult to
delineate.

CHRONIC OSTEOMYELITIS
Chronic osteomylelitis is caused by an infection, usually staphylococcal, in the bone, where
host defense mechanisms and antibiotics are unable to reach the established organisms.
Approximately 1 in 100 patients with chronic osteomyelitis develops squamous cell
carcinoma [85] of the skin where the infection drains. The chronic drainage of purulent
exudate leads to degeneration and metaplasia of the epithelialized lining of drainage tracts
that extend from the infected site in the bone to the skin surface [86]. The stimulation of the
epithelium by inflammatory cytokines over many years appears to produce transformation of
the basal stem cells of the skin. This process likely represents an example of “cancerization”
whereby a chronic infection produces a field of epithelium with altered expression of tumor
suppressor genes, such as p53; such fields have increased probability for occurrence of a
second mutation in an ocogene, such as c-myc [87-89]. Recently, an epigenetic mechanism
has been demonstrated for another cancer associated with bacterial infection, gastric cancer.
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DNA METHYLATION AND FIELD CANCERIZATION IN GASTRIC CANCER
ASSOCIATED WITH HELICOBACTER PYLORI INFECTION

H. pylori infection of the stomach is a major risk factor for development of gastric cancer.
Areas of hypermethylation are seen in the gastric mucosa of patients with H. pylori
infection, and it is in these areas that gastric cancers arise [90-92]. H. pylori infection leads
to increased methyltransferase activity, with resulting increased methylation of genes in
gastric stem cells. It is the infection-associated inflammatory response, rather than H. pylori
itself, that appears to be responsible for inducing DNA methylation [93]. Using
mitochondrial DNA (mtDNA) mutations as a marker of clonal expansion, McDonald [94],
showed that mtDNA mutations establish themselves in gastric stem cells and are passed on
to all of their differentiated progeny. Thus, by clonal expansion, the mutation is spread to
form patches of mutated cells in the mucosa. In this way, the increased methylation caused
by H. pylori infection is inherited in stem cells and transit amplifying cells, and causes
repression of the p53 gene with resultant increased proliferation and loss of apoptosis
[91,92]. The identification of both stem cells and transitamplifying cells as targets was based
on the observed response to therapy. If the H. pylori infection is treated, some of the areas of
hypermethylation disappear, whereas others do not [90]. This finding is interpreted as
follows. The areas of hypermethylation that disappear represent hypermethylation of transit-
amplifying cells. Since these cells turn over rapidly, they are replaced with cells that do not
have the increased methyltransferase activity. Thus, active infection is required to maintain
hypermethylation. When the H. pylori infection cleared by antibiotic treatment, newly
formed transit-amplifying cells from non-methylated stem cells will not be hypermethlyated.
On the other hand, in areas where stem cells are affected, the self-renewing stem cells
continue to give rise to hypermethylated transit-amplifying cells [91,92].

PARASITES
Liver Flukes

Cholangiocarcinoma of the liver occurs in association with infection with liver flukes in
endemic areas of infection in Southeast Asia [95,96]. During infection with Clonorchis
sinensis or Opisthorchis viverrini, the organisms live in the bile ducts and stimulate
proliferation of bile duct cells [97,98]. Release of cytokines by inflammatory cells during the
infection or the presence of growth factors in the secretory-excretory products of the
flatworms is believed to stimulate proliferation of biliary progenitor cells [99,100]. In
experimental models of this infection in Syrian golden hamsters previously exposed to an
hepatocarcinogen, there is rapid development of atypical ductal proliferation,
cholangofibrosis, cholantiofibromas and cholangiocarcinomas [97,98]. This response
involves activation of small intraportal or ductal “oval” cells [101], believed to be liver stem
cells [102,103]. It is proposed that the infection with C. sinensis acts as a promoter, i.e., it
activates proliferation of ductal stem cells that have been “initiated” by exposure to
dimethylnitrosamine [DMN, 98,99]. Without such promotion, exposed animals would be
expected to develop hepatocellular carcinomas [104]. Thus this model serves as the
prototype whereby infections act as promoters for cancer.

CONCLUSIONS
It is no longer questioned that infections can cause cancer. Some such cancers arise from
infection of tissue stem cells by viruses with insertion of viral oncogenes into the host DNA
(mouse polyoma virus, mouse mammary tumor virus). In other cancers. the virus does not
insert its DNA into the host cells, but rather commandeers the metabolism of the infected
cells, so that the cells continue to proliferate and do not differentiate (cervical cancer).
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Cytoplasmic EBV virus infection results in a gene translocation (Ig/c-myc) that activates
proliferation of infected cells; however, in other cancers an inflammatory reaction to the
infection, or the occurrence of additional mutations may be necessary if the infected cells are
to acquire the characteristics of cancer (Burkitt lymphoma). Still other cancers are associated
with bacterial and parasitic infections. In these cancers the infection acts to promote
presumptively initiated cells (stimulate proliferation of mutated cells). The common thread
among these diverse pathways is that the infections act to alter tissue stem cell signaling.
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