Chapter 1
Overview of Infectious Causes of Human
Cancers

Qiliang Cai and Zhenghong Yuan

Abstract Emerging evidence has demonstrated that almost each person is infected
at least one potentially cancer-causing organism; however, only a small proportion
of infected individual develops cancer. In this review, to elucidate the potential role
of infectious organisms in the development and progression of human cancers, we
summarize the previous history and current understandings of infection-associated
cancers and highlight the common molecular mechanisms of cancers caused by
infectious agents and their potential cofactors, which may bring us to effectively
prevent and reduce the infection-associated cancers in the future.
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1.1 Introduction

It has been estimated that over 99% people worldwide are infected with at least one
potential cancer-causing organism during whole lifetime and about six million peo-
ple die each year of cancer [1]. Globally, at least 16% of all cancers are associated
with chronic infections, while in the developing countries the proportion could be
greater than 25% [1], which is underestimated due to absence of cases of infections
acting as cocarcinogens.

Although it has been debated for over two centuries whether cancer is an infec-
tious disease or not, the interval between the first recognition of the virus (tobacco
mosaic by Ivanovsky in 1892) and the first proposal that animal virus plays a critical
role in some cancer formation (foot-and-mouth virus by Loeffler and Frosch in
1898) was short [2]. After yellow fever as the first human virus identified by Reed
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Fig. 1.1 Timeline of milestones of discoveries in infectious causes of human cancer

in 1901, viruses have been proposed as common causes of cancer 2 years later,
which led to establishment of how important and widespread viruses are as human
carcinogens and the appearance of concepts of the oncogene and tumor suppressor
(like p53) [2]. Several key milestones occur in history of infection-associated cancer
as shown in Fig. 1.1. The first tumor virus was discovered by Peyton Rous from
Rockefeller Institute in 1911, which he provided the first experimental proof of the
malignant avian tumor is dependent on a filterable virus [3, 4]. However, despite
Rous went on to confirm that other avian tumors were also transmissible in a similar
fashion, there were many arguments against that filtrations could be inadequate to
remove all cell-fragments, or no relevance for human cancers. Until the 1930s, two
major events further stimulate the notion of infection as a significant cause of can-
cer—one is that Richard Shope from Rockefeller Institute also reported that papil-
lomaviruses can induce tumors in rabbits [5] and another is that Nobel Prize in 1926
was awarded to Johannes Fibiger, a Danish medical researcher who has demon-
strated that a nematode worm causes stomach cancer in laboratory rats, albeit it has
been proved later that diet (vitamin A-deficient rat) not nematodes was the crucial
factor causing the cancer [6, 7]. Due to Fibiger’s “mistaken” Nobel award, Rous
eventually received a Nobel Prize for his viral cancer-related work 40 years later
(just 4 years before he died) [8]. In addition, it is also worthy to mention John
Bittner’s discoveries of nonchromosomal influence in the incidence of murine mam-
mary tumor [9], which leads to the identifications of the first retroviruses called
MMTYV and reverse transcriptase later.
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In human, Burkitt’s lymphoma (BL) was first described as a sarcoma in African
children in 1958 by Denis Burkitt who is a surgeon of Uganda [10]. Three years
later, virologist Anthony Epstein occasionally attended Burkitt’s lecture and was
intrigued by the possibility of a viral cause and started to prove his speculation
based on frozen tumor samples which are kindly provided by Dr. Burkitt [11].
Another 3 years later (in 1964), Epstein, along with colleagues Bert Achong and
Yvonne Barr, identified the first human tumor virus named as Epstein-Barr virus
(EBV) from Burkitt lymphoma cell line by using electron microscopy [12].
However, the viral genome of EBV B95.8 strain was fully sequenced until 20 years
later [13].

In contrast to EBV, Helicobacter pylori was the first bacterium bug found to
associate with gastritis and peptic ulceration by Robin Warren and Barry Marshall
in 1984 [14, 15], which led to the award of Nobel Prize for Physiology or Medicine
in 2006. Initially, Warren failed to culture the organism by standard 48-h culture
protocol and succeed by a chance for 5 days of culture due to leftovers from Easter
holiday [16]. Although stomach ulcers were previously ascribed to diet (too many
alcohol and spicy food), increasing evidence demonstrated that chronic inflamma-
tion is linked with cancer, and H. pylori was considered as a carcinogen that directly
contributes to malignant transformation of stomach ulcers.

During the development history of infectious cause of cancers, we have to men-
tion two key events. One is the discoveries of retroviruses and reverse transcriptase
by Baltimore, Dulbecco, and Temin in 1975; another is the understanding of the
oncogene and the tumor suppressor gene, which were initially introduced as of virus
origin by Huebner and Todaro in 1969 [17] and were later termed cellular onco-
genes or proto-oncogenes (their normal functions are to promote cell growth and
division, while malignant cell occurs due to they are expressed aberrantly) by
Bishop and Vermus in 1976 [18], which subsequently led them to receive a Nobel
Prize in 1989.

Based on the discovery of cellular oncogenes, Harald zur Hausen began series of
studies to demonstrate the relationship between HPV and cervical cancer in the
1970s [19], which eventually led to a Nobel Prize in 2008. In addition, it is worthy
to mention that two important tumor viruses, namely, Kaposi’s sarcoma-associated
virus (KHSV) and Merkel cell polyomavirus (MCV), were discovered by Drs. Yuan
Chang and Patrick Moore (a couple who from the University of Pittsburgh) in 1994
and 2008, which are the etiology causes of Kaposi’s sarcoma and Merkel carci-
noma, respectively [20-22]. This indicates that more and more new tumor viruses
will be discovered as our researches are ongoing in the future.
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1.2 Basic Molecular Mechanisms of Cancer Caused
by Infection

It is well known now that carcinogenesis caused by infection may be direct or indi-
rect. For example, insertion of viral genes into the host cell’s genome will trigger
cell malignant transformation, while induction of chronic inflammation (i.e., cir-
rhosis, chronic gastritis) will create a local microenvironment with a greatly
increased risk of cell transformation, or when the infective organism suppresses the
host immune response, it will trigger tumorigenesis. In general, direct cause
increases the risk of individual cells to malignant transformation, while indirect
cause usually acts at tissue microenvironment level to increase the risk of emer-
gence of a malignant clone.

1.2.1 Direct Cause by Infection

To date, it is well known that chromosome instability is a virtual feature of cancer
cells. To understand the molecular biology of infectious causes of cancer, we need
to know normal cell biology and then to interpret how the malignant cell subverts
the normal processes. Some key concepts have been demonstrated in cell malignant
transformation, which include apoptosis (one type of cell death, which is distinct
from necrosis that induces inflammatory response) and the cell cycle (cells divide in
an ordered sequence of G1, S, G2, and M phase under the control of genes including
cyclins and cyclin-dependent kinases, while some cells are not dividing or prepar-
ing to divide, called GO or rest phase). During the process of cell malignant trans-
formation, a normal cell usually occurs as a complex of genetic changes, which
regulate cell growth, division, and death, as well as escape from localization con-
trols of basement membrane integrity (metastases). The major types of these essen-
tial genes usually included oncogenes (which drive pathological cell division),
tumor suppressor genes (which normally inhibit growth and division), and DNA
repair genes (which lose ability to maintain genomic integrity).

Since oncogene was discovered in about four decades ago, it has been well dem-
onstrated that oncogenes are frequently active and typically act in a dominant fash-
ion to drive forward the cell cycle and cell division. The normal functions of these
oncogenes are usually acting as growth factors (messages communicate between
cells in blood), cell surface receptors (receive and pass chemical messages from one
to other cells), transcription factors (regulate genes on or off), or signal transmission
proteins (carry the signal from the cell surface receptors to the nucleus). In contrast
to oncogene functions as an accelerator of cell division, tumor suppressor gene is a
braker [23]. In general, oncogene and tumor suppressor gene operate cooperatively
during the cell cycle. The main function of tumor suppressor genes is to activate
DNA repair process once any abnormal DNA occurs. If repair is unsuccessful, the
cell will initiate apoptosis and sacrifice itself. Therefore, it is not surprising that the
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arrest of the cell division process will fail and lead to generation of faulty daughter
cells with high-potential malignant property, once tumor suppressor genes are
absent or defective. Many cellular tumor suppressors have been discovered so far.
One of the most important tumor suppressors is p53. It is well known that p53 is the
key gene (also called the “guardian of the genome”) to initiate cellular repair path-
ways in response to DNA damage and to ensure apoptosis of any cell with irrepara-
bly defective genome. Other prominent examples include BRCA1, BRCA2, and
retinoblastoma (Rb). Given that the DNA repair genes are of great importance to the
cell and highly conserved across species in eukaryote evolution, the dysfunction of
DNA repair process by infection of organisms through various different pathways
will lead to chromosome abnormality. To directly increase the cell dividing and risk
of a cell acquiring mutation, one of common strategies used by pathogen infection
is to deregulate the promoters of oncogene and tumor suppressor genes and another
is to encode oncoproteins which may directly deregulate cell cycle, alter apoptotic
or other cell signal pathways. These are basic molecular mechanisms why infection
of organism could trigger cell transformation.

1.2.2 Indirect Cause by Tissue Microenvironment

Another important trigger of cancer malignancy caused by infection is induction of
chronic inflammation within tumor tissue microenvironment. Inflammation is a protec-
tive response of body tissues to different harmful stimuli by activating immune cell,
blood vessels, and molecular mediators. It can be classified as two types: acute or
chronic. Acute inflammatory response will increase movement of plasma and leuko-
cyte (especially granulocytes) from the blood into the injured tissues to eliminate the
initial cause of cell injury and repair, while prolonged inflammation, also known as
chronic inflammation, will result into a progressive shift of cell types such as mono-
nuclear cells at the injury tissues and stimulate destruction and healing of the tissue
during inflammatory process. The role of chronic inflammation in cell malignancy is to
create a background in which oncogenesis is more likely to occur, while inflammation
alone is not sufficient to induce malignant diseases. It is known that persistent organism
infection may cause chronic inflammation by producing cytotoxic molecules into tis-
sue microenvironment, which will alter cellular immune response and eventually lead
to inflammation. For instances, the persistent infection of hepatitis viruses can cause
cirrhosis and potentially hepatocellular carcinoma. Another example is that the chronic
inflammation induced by H. pylori infection and chronic gastritis.

During the inflammatory process of tumor development, one of key events is
angiogenesis (also named vasculogenesis). It is a normal physiological process in
which new blood vessels form from preexisting vessels in tissue growth and devel-
opment as well as wound healing. However, as tumors grow, to overcome the
requirement for oxygen and nutrient supply, the cancer cells were also found by
Judah Folkman in 1971 to release different cytokines to induce angiogenesis around
tumor. It has been demonstrated that one of the most famous cytokines associated
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with angiogenesis is called VEGF. It has been well demonstrated that many organ-
ism infection could greatly enhance expression of VEGF through the HIFla path-
way and highly associate with tumor angiogenesis [24]. Given the role of
angiogenesis in driving cancer development, it has long been proposed as a poten-
tial target for anticancer therapy. In 1994, although Judah Folkman and his team in
the first time reported promising results of endostatin as an antiangiogenic com-
pound in inhibition of new vessel development both in vitro and in murine models,
there is no effective anti-angiogenesis agent applied in clinical cancer therapy.

1.3 Epidemiological Distribution of Infection-Associated
Cancers

The chief contributors to the burden of infection-associated cancer discovered so far
are viruses including EBV (Epstein-Barr virus, review in Chaps. 5 and 6) [25],
hepatitis virus (HBV and HCYV, review in Chaps. 2 and 8, respectively) [26], human
papillomaviruses (HPV 16 and 18, review in Chap. 3) [27], HLTV-1 (human T lym-
photropic virus-1, review in Chap. 9), KSHV (Kaposi’s sarcoma-associated herpes-
virus, review in Chap. 7), and MCV (Merkel cell polyomavirus, review in Chap. 4).
These are estimated to account for over 90 % of infection-associated cancers. In
addition to viruses, nonviral infections including bacterium such as Helicobacter
pylori (gastric cancer and lymphoma, review in Chap. 11) [28] and parasite includ-
ing Schistosoma species and liver flukes (review in Chap. 12) as well as prion
(review in Chap. 13) are also known to associate with cancer. Although some patho-
gens like parasites are rare in the developed world, knowledge of their associated
cancer is necessary as it may be encountered in any clinical environment. In many
cases, parasite-associated cancers can be found due to very brief exposure, tourists
who are vulnerable, or population movement after the long latency between infec-
tion and cancer diagnosis. Thus, those who have experience in the developing world
may be diagnosed with a parasite-link cancer after they spent many years living in
the developed world.

In addition to those infectious organisms definitely identified as causes of spe-
cific cancers, there are many others which are suspected of carcinogenic potential
and various pathways by which infection may lead to cancer. For example, the
patient who is infected with human immunodeficiency virus (HIV) not only cause
acquired immunodeficiency syndrome (AIDS) but also increase the risk of EBV- or
KSHV-induced lymphoma due to coinfection. Chapters 10 and 15 will review the
basic concepts of HIV-associated cancer biology and microbiology, to explore the
current understanding of HIV infections which may induce or drive malignant
transformation. Given the critical role of tumor microenvironment and animal
model in studying infectious causes of cancer, we not only address the recent prog-
ress on interplay between microenvironmental abnormalities and infectious agents
in tumorigenesis in Chap. 16 but also include Chap. 14 to address the recent
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understanding of murine gammaherpesvirus 68 (MHV68) as an animal model in
studying EBV- and KSHV-associated disease in vivo.

Virtually, most cases of infection-associated cancers occur after an extended
latency — sometimes decades long from initial infection to eventual diagnosis of
cancer. Commonly, only a small percentage of infected individuals will develop
cancer. For instance, in the case of Helicobacter pylori, India has one of the highest
infection rates in the world, but the incidence of gastric cancer is very low [29].
Therefore, the risk of gastric cancer in Helicobacter pylori carriers appears to be
determined by a combination of several factors including host genetics, bacterial
genetics, and habits of diet, smoking, etc. [30] In conclusion, there is geographical
variation in incidence rates of each infection-associated cancer due to several cofac-
tors. The reason why only small population and certain population develop cancer
after infection could be due to the consequence of different interactions among sev-
eral factors as follows: (1) different incidence of relevant infections, (2) timing of
infection, (3) biological variability of the infectious agents, (4) genetic variation in
host susceptibility to infection, and (5) incidence of external cofactors, e.g., diet and
smoking.

1.4 Future Perspective

Given the incredible amount of infectious organisms in the world, it is almost
impossible to estimate the amount of infectious organism within an average per-
son’s body in his/her whole life. Despite the rate of host cell malignant transforma-
tion which is low, the incidence of many of the infections is very high. Due to
infection-associated cancers which usually have a very long latency between infec-
tion and development of malignancy, reduction of the burden of infection-associated
cancer will require a combination of primary prevention (blocking transmission
route of infection, boosting host immune resistance against infection by vaccina-
tion), and secondary prevention (preventing progression from chronic infection to
malignant transformation), based on different infection-associated cancers. For
example, in hepatitis B, a compelling evidence has been found that infection during
early infancy carries a high risk of eventual liver cancer, while infection in adult
confers a much lower risk. Therefore, the priority strategy for prevention of HBV-
associated liver cancer is to block transmission from mother to child. Another case
is high-risk HPV-associated cervical cancer and, in almost all cases of infection, is
acquired early after a woman becomes sexually active. The best strategy for preven-
tion is to ensure vaccination before young women first experience penetrative sex.
In contrast, the tropical infections of schistosomiasis and fluke appear to be poten-
tially carcinogenic at any age of population, and the effective interruption of the
associated cancer requires a program and may take decades. Thus, to effectively
prevent the infection-associated cancers, it requires all medical scientists and health-
care professionals continue to work together and explore the nature of each infec-
tion-associated cancers.
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