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It is accepted that populations in the so-called developed world
have gone through an ‘epidemiological transition” where chronic
disease has replaced infection as the primary cause of death.
However, there is mounting evidence that infections play a
key role in certain chronic diseases such as cancer. Cancers of
infectious origin provide the perfect opportunity for harnessing
the advances that have been made in the control of communicable
diseases to attempt the control of noncommunicable diseases.
Worldwide, one in every five malignancies can be attributed to
infections: this figure is considered conservative and expected to
rise. About two-thirds of these cancers occur in less developed
countries. The majority of these malignancies are recognised to
be caused by viruses via mechanisms of chronic inflammation,
immunosuppression or the expression of oncogenic proteins. An
understanding of virally mediated carcinogenesis may provide new
targets for the development of specified viral therapy that not only
impacts on viral infections but human cancer as well. From a public
health perspective, viral carcinogenesis is important because it
shows potential for preventative and therapeutic programmes
to reduce the burden of cancer, particularly in less developed
countries.

Introduction

The process of carcinogenesis involves multiple contributing factors.
These include environmental, lifestyle, host factors, genetically
inherited traits and infectious agents. Infectious agents are important
from a public health aspect as they represent a significant and
preventable cause of cancer. The infection-attributable cancer burden
has been estimated at 1.9 million cases, or 17.8% of the total global
cancer burden. [1] The percentage of infection-attributable cancer is
higher in developing countries (26.3%) than in developed countries
(7.7%), reflecting the higher prevalence of infectious diseases. Of these
infection-associated cancers, viruses are the most common causative
agents with 12.1% of cancers worldwide attributed to viral infections.

(1]

This article aims to outline current knowledge of the role of viruses in
mediating cancer, explore the main mechanisms involved and propose
exciting preventative and therapeutic approach for virus-associated
cancers in the 21 century.

Mechanisms by which viruses mediate cancer

The International Agency for Research on Cancer (IARC) recognises
seven viral agents that have been linked with cancer: Hepatitis B Virus
(HBV) and Hepatitis C Virus (HCV), Human Papilloma Virus (HPV),
Epstein-Barr Virus (EBV), Karposi-Sarcoma Herpes Virus (Human
Herpes Virus 8), Human T-cell leukemia virus type | (HTLV-1) and
Human Immunodeficiency Virus type 1 (HIV). [2] These seven viruses
classified as ‘carcinogenic to humans’, and the recently discovered
Merkel Cell Virus which has not yet been included by the IARC, are
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summarised in Table 1.

The induction of cancer development by viruses requires persistent
infection of the host. It is hypothesised that long-term infection
initiates cellular changes that predispose to cancer progression. [3]

In addition to persistent infection, the specific actions of these viruses
are discussed below and can be broadly grouped into viruses thatinduce
cancer by (i) chronic inflammation (eg. HCV), (ii) immunosuppression
(eg. HIV) and by (iii) direct actions of viral oncogenic proteins (eg. EBV,
HPV). [3]

(i) Cancer associated with chronic inflammation: Hepatitis B and C
Viruses

Once aviral infection is initiated, recovery requires the activation of the
innate and adaptive arms of the immune system. Acute inflammation is
usually a short process that eliminates the pathogen. However, chronic
inflammation may result if acute inflammation continues unresolved
and fails to eradicate the pathogen. Chronic inflammation itself may
promote carcinogenesis via the release of many factors including nitric
oxide, cytokines and chemokines thus mediating DNA damage and
effecting cell proliferation and neoangiogenesis. [3]

HBV and HCV infections are examples of chronic infections associated
with ongoing inflammation. HBV and HCV are responsible for 54% and
31% of human hepatocellular carcinoma (HCC) cases worldwide. [4,5]
These hepatotropic viruses can induce cirrhotic livers from which HCC
can arise. This review will focus on HCV.

In those infected with HCV, 80% will develop chronic infection, and in
30 years 10-30% of these chronic HCV infections will develop cirrhosis.
The subsequent rate of cirrhotic HCV liver disease developing HCC is
1-3% per year. [6] Since current WHO estimates suggest that 3% of
the world’s population, or 150 million people, are HCV infected, this
represents a significant virus-associated cancer burden.

HCV is a RNA virus of the hepacivirus family of the genus Flaviviridae.
HCV does not integrate itself into the host genome and several viral
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Table 1. Human viruses associated with malignancies.

Taxonomic Examples Mechanism of  Cancers for which
Grouping Carcinogenesis  there is sufficient
evidence in
humans
DNA Viruses
Hepadnaviridae  Hepatitis B Potential HBx Hepatocellular
oncogene, Carcinoma [4,5]
chronic
inflammation [3]
Herpesviridae Epstein-Barr Oncogenic Nasopharyngeal
Virus proteins: LMP-1,  carcinoma,
BARF-1, EBNA Burkitt’s
[3,21] lymphoma,
immune-
suppression-
related
non-Hodgkin
lymphoma,
extranodal NK/T-
cell ymphoma
(nasal type),
Hodgkin’s
lymphoma [14]
Karposi- Oncogenic Kaposi’s sarcoma,
Sarcoma proteins: vGPCR primary effusion
Herpes Virus [23] lymphoma [23]
(Human
herpesvirus 8,
HHV-8)
Papovaviridae Merkel Cell T antigens [33,34] Merkel Cell

polyomavirus

Carcinoma [33]

Papillomavirus Papillo-mavirus Viral genes: Carcinoma of
(HPV-16, 18, E6 and E7 the cervix, vulva,
33, 35,39,45, degrade tumour  vagina, penis,
51,52,56,58, suppressor anus, oral cavity,
59) proteins p53 and  oropharynx and
pRb, inhibiting tonsil [24,25]
apoptosis and
DNA damage
response [28]
RNA Viruses
Flaviviridae Hepatitis C Chronic Hepatocellular
Virus Inflammation [7]  carcinoma,
non-Hodgkin
lymphoma [3]
Retroviridae Human T-cell Insertional Adult T-cell
leukaemia mutagenesis leukaemia and
virus type | lymphoma [29]
Oncogenic
protein: Tax
[30-32]
Immortalisation
and
transformation of
T cells
Human Immuno- Kaposi’s sarcoma,
Immuno- suppression [20]  non-Hodgkin
deficiency virus lymphoma,
Hodgkin’s

Oncogenic
protein: Tat in
colon cancer?
[18]

lymphoma, cancer
of the cervix,
anus, conjunctiva
[13,14]

proteins (core protein and the NS3, NS4B and NS5A) have been
suggested as potential oncogenic candidates in-vitro. For example,
the HCV NS5A protein has been shown to bind and sequester the
cellular p53 protein to the perinuclear membrane, and it may be

the be key to HCC development. [7] However, it is thought that HCC
primarily occurs due to repeated rounds of hepatocyte destruction and
regeneration from chronic inflammation, producing a procarcinogenic
cirrhotic microenvironment, [3,8] rather than through the action
of viral oncogenes. Cirrhosis appears to be the main risk factor for
HCC, but exogenous factors could also play a role, such as chronic
alcohol consumption, viral co-infection (such as HIV modulating
immunosuppression), diabetes and obesity [4] highlighting the
multifactorial triggers for the induction of cancer. [9]

HCVisalsoawell-established cause of essential mixed cryoglobulinemia,
a lymphoproliferative disease that can evolve into B-cell non-Hodgkin
lymphoma (NHL). [10] HCV has been suggested to be lymphotropic,
but this is not well defined. [11] Again, since HCV has not been
demonstrated to encode direct oncogenic proteins, the mechanisms
of HCV-induced NHL are likely to be via chronic inflammation.

(ii) Cancer associated with immunosuppression and insertional
mutagenesis: HIV

It is estimated that there are approximately 34.2 million individuals
worldwide living with HIV infection, two-thirds of these being in sub-
Saharan Africa. [12] People with HIV have a substantially higher risk
of certain cancers compared with uninfected people of the same age.
These cancers are termed AIDS-defining malignancies and include:
Kaposi sarcoma, a mesenchymal tumour originating from lymphatic
endothelial cells, cervical cancer and NHL. [13] Additionally, other
types of cancer, such as Hodgkin’s disease (HD), anal cancer, lung
cancer and testicular germ cell tumours appear to be more common
among HIV-infected subjects compared to the general population and
are termed AlDS-associated cancers. [14]

HIV is an RNA lentivirus of the Retroviridae family. The members of
this family all integrate into the host chromosome and thus have the
potential to cause direct insertional mutations or activation of cellular
oncogenes. Other members of the Retroviridae family, such as Mouse
mammary tumour virus (MMTV) have a well-defined link with tumours
in mice, which are likely mediated by insertional activation of cellular
genes in breast tissue through hormone responsive elements in the
MMTV promoter. [15] Similarly, insertional mutagenesis and the
induction of lymphoma has been identified in humans treated with
gammaretrovirus [16] and lentivirus vectors used in gene therapy.
[17] In contrast, there is little evidence for an HIV oncogenic protein,
although studies have suggested that the transactivator protein of viral
gene expression, Tat, which has oncogenic potential, is secreted by
HIV. It has also been suggested that Tat can re-enter non-infected cells
blocking apoptosis and accelerating tumour formation. [18]

The above described AIDS-associated cancers are linked with low CD4+
T-cell counts, and this may lead to co-infections with other oncogenic
viruses such as HPV (cervical cancer) and Kaposi’s sarcoma-associated
herpesvirus (Kaposi’s sarcoma), or the reactivation of existing infections
with opportunistic oncogenic viruses such as EBV (Burkitt’s lymphoma).
[18] However, the specific mechanisms by which depressed immunity
may increase the risk for cancer are unclear, except for KS and most
subtypes of NHL that are strictly associated with a low CD4 count.
[19] Supporting the link between cancer and immunosuppression, the
pattern of cancers in immunosuppressed organ transplant recipients is
similar to people with HIV/AIDS. [20]

Thus, the evidence suggests that HIV can be associated with
carcinogenesis  through insertional mutagenesis. Moreover,
HIV may indirectly cause cancers by inducing a chronic state of
immunosuppression, reducing immunosurveillance for neoplastic
cells, and increasing the risk of reactivation of latent oncogenic viruses
as well as the risk of acquiring new oncogenic viral infections.

(iii) Cancer associated with Oncogenic viruses

Of the identified and accepted carcinogenic viruses, EBV, HHV-8, HTLV-
land HPV are tumour viruses that express viral oncogenic proteins to



exert carcinogenesis. HBV also produces the HBx protein that disrupts
signal transduction and deregulates cell growth: however, HBV-
associated carcinogenesis is believed to be mainly mediated through
chronic inflammation as described for HCV. [3] Oncogenic viruses can
transform cells by carrying viral oncogenes into a cell or by activating
cellular proto-oncogenes. [5] The virally derived oncogenes produce
transforming growth factors that deregulate growth control and
proliferation, leading to malignant transformation. Specific examples
are discussed below, with the oncogenic viruses divided into DNA and
RNA tumour viruses.

DNA Tumour Viruses

EBV best illustrates DNA tumour viruses. EBV is a double-stranded DNA
virus of the herpesviridae family, and causes infectious mononucleosis.
Like all herpesviruses, EBV causes a life-long latent infection, and EBV is
the primary cause of B-cell transformation in Burkitt’s lymphoma. [14]
This was the first human tumour associated with an infectious agent.
Since then, EBV has been implicated in a number of other cancers (see
Table 1).

In the case of EBV-lymphoma, expression of the viral oncogene, latent
membrane protein-1 (LMP1), transforms cells into lymphoblasts by
the disruption of cellular signal transduction. [3] In contrast, in most
NPCs, the viral BamHI-A reading frame-1 (BARF1) gene is expressed.
BARF1 has been identified as an important oncogene in NPC pathology.
[21] Thus, EBV has a number of different oncogene expression profiles
associated with different cancers. EBV is extremely widespread in
prevalence affecting more than 90% of the world’s population, [22]
yet only a small fraction of the infected populations have a cancer
attributable to EBV. Therefore, beside viral factors, host responses also
play a role in the neoplastic transformation of EBV-infected cells.

HHV-8 is a DNA virus of the herpesviridae family, and HHV-8 infection is
strongly associated with Kaposi’s sarcoma. The mechanism, however,
of HHV-8-induced carcinogenesis is very different to that of the related
virus, EBV. HHV-8 infects endothelial cells and encodes a viral G protein-
coupled receptor (VGPCR). This vGPCR has dysregulated signalling
function and acts as an oncogene, inducing angioproliferative tumours.
[23]

HPV is a DNA virus of the papillomavirus family, and there are 30-
40 types. Approximately fifteen types of HPV are oncogenic viruses,
causing 5.2% of total human cancers. [24] These cancers include those
of the ano-genital mucosae (cervix, vagina, vulva, anus and penis), and
the mouth and the pharynx. [24,25] The predominant transmission
of these HPV infections is sexual. [26] While HPV is an accepted
aetiological factor for oral and pharyngeal cancers, the major risk
factors are tobacco and alcohol, with the effects of these exposures
being multiplicative. [25] Oncogenic HPV can be detected by PCR in
virtually all cases of cervical cancer, with specific genotypes HPV16
and 18 identified as the primary causes of cervical cancer. These viral
genotypes have also been associated with 86-95% of HPV-associated
non-cervical cancers. [26,27] These viruses infect the basal layer of the
stratified epithelium and express two important viral oncoproteins, E6
and E7. [23] These proteins destabilise the cellular tumour suppressor
genes, p53 and the retinoblastoma protein (RB). [28] This dysregulation
of cellular growth directly leads to cell transformation and cancer.

RNA Tumour Viruses

HTLV-I is a retrovirus related to HIV, which is associated with adult
T-cell leukaemia. Only 1% of HTLV-I infected individuals will develop
leukaemia, and only after a long latency period of 20-30 years. [29]
HTLV-I infection rates are elevated in certain Indigenous populations
of Central and Northern Australia, as well as the southern islands of
Japan, the Caribbean basin and South Africa. [14] Unlike HIV, HTLV-I
infections are not associated with immunosuppression, but HTLV-I
encodes an oncogenic protein; the viral Tax protein. [30,31] Tax is a
transcription factor and is known to bind to a number of cellular genes

involved in cell cycle progression and growth regulation, such as NFkB
and p53. [32] Via promotion of transcription and cell cycle progression,
Tax is proposed to set up a self-stimulating loop that causes continuous
proliferation of infected T-cells, and ultimately leukaemia.

The growing cancer burden attributable to viruses

While there are only seven viruses clearly recognised as carcinogenic
to humans, this is conservative, with the discovery of new associations
between infections, particularly viruses, and cancer anticipated.

MCV is a recently discovered DNA virus that is found to be associated
with approximately 80% of Merkel Cell Carcinomas, an aggressive
form of skin cancer. [33] MCV is a relatively common virus, yet only
leads to cancer in rare circumstances. It is thought that this is because
for MCV to become carcinogenic, two rare mutagenic steps must
occur: viral integration and T antigen mutation. Integration of MCV
is not a regulated event, unlike for HIV and HTLV-I, and occurs rarely.
The integration, probably of only parts of the MCV genome into cells,
renders the virus replication-incompetent, but allows parts of the
virus, such as the T-antigens, to be maintained in these cells. [34] MCV
T antigens can be oncogenic, and target cellular tumour suppressors
and cell cycle regulatory proteins. Thus, the whole replicative virus
may not be present, but the residual oncogenic T-antigen is, and can
promote transformation of the cell leading to cancer.

Cancerous cells themselves are generally not transmissible. In
humans, during the two known physiological routes for tumour cell
transmission (pregnancy and organ transplantation), the immune
system is altered. Transplacental transmission of lymphoma, acute
leukaemia, melanoma and carcinoma have been observed, as well
as acute leukaemia cells transmitted to the foetuses in multiple case
pregnancies with the subsequent disease developmentin the newborn.
[35] Similarly, in organ transplantation, donor derived tumour cells
have been observed, with the immunosuppressive therapy following
transplantation potentially facilitating the engraftment and growth
of donor derived tumour cells. [35] Fortunately, these transmissible
tumours are rare, with the development of donor-derived tumours
in solid organ transplant recipients at 0.04%. [15] Additionally there
have been rare case reports of human contagious cancers documented
via needle stick (colonic adenocarcinoma), [36] and a surgeon
contracting a malignant fibrous histiocytoma from a patient following
an intraoperative cut to his left palm. [37]

Cancer prevention and public health strategies

In theory, the cancers resulting from viral infections represent an
exciting potential for public health intervention strategies and
therapeutics to prevent these cancers. In particular, the high number
of cancers attributable to viral infections in developing countries
presents a real need and opportunity for public health programs to
reduce both infectious disease and cancer burden. [38]

The mode of transmission of the seven IARC-recognised carcinogenic
viruses is provided in Table 2. The implementation of public health
education, awareness, treatment and prevention programs to reduce
the horizontal spread of these viruses and manage these viral infections
in patients is a public health priority, but has the additional benefit of
reduction in the associated cancer risks.

Public health programs should be prioritised to target vertical
transmission of viral infections such as HBV and HIV. The WHO outlined
targets and recommendations in 2010 with the prevention of mother
to child transmission (PMTCT) strategy, targeting anti-retroviral
therapy (ART) in pregnant women and providing guidelines for HIV
in relation to infant breastfeeding. [39] Similar guidelines may be
applicable to our Indigenous population afflicted by HTLV-I, which has a
well described increased mother to child transmission rate associated
with breastfeeding. [40] However, breastfeeding recommendations in
resource poor settings need careful consideration. [41]

More outstanding, are the successful programs for screening and
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Table 2. Infectious agents-associated with malignancy and their transmission
modified from [3].

Viral Agent Route of Infection  Preventative Strategy
EBV Saliva
HPV Sexual Vaccination, Safe Sex
Programs, Screening
Programs
HCV Sexual/post- Safe Sex Programs,
transfusion/IV drug Needle-exchange
user programs
HBV Perinatal/Sexual Vaccination, avoidance
of breastfeeding, Safe
Sex Programs
HHV-8 Sexual Safe Sex Programs
HTLV-1 Sexual/perinatal/ Safe Sex Programs,
parenteral avoidance of
breastfeeding
HIV Sexual/perinatal/IV  Safe Sex Programs,

Needle-exchange
programs,
administration of
anti-virals during
childbirth, avoidance of
breastfeeding

drug user

management of viral infections associated with cancer. For example,
the National Cervical Screening Program (NCSP) in Australia has had
a huge benefit in reducing the mortality rates from cervical cancer
from 3.9/100,000 in 1991 to 1.9/100,000 in 2007, [42], demonstrating
that cancer prevention via monitoring oncogenic viral infections is a
real possibility. [43] Additionally, such programs as the NSW Cancer
Council ‘B positive’ program, implemented in 2008 aims to increase
HBV awareness and the treatment and management of chronic HBV
infection to reduce the risk of HCC. [44]

Vaccination and treatments to prevent cancer-associated viral
infections

Historically, the world has experienced, with polio and smallpox,
elimination or virtual elimination of viral diseases through vaccination.
There are now vaccines available for both HBV and HPV, two major
infectious causes of HCC and cervical cancer, respectively. The HBV
surface antigen is the basis for the vaccine against the HBV, which was
first available in the 1980s, and is the first vaccine for prevention of
a human cancer. [45] Vaccination programmes of children with the
HBV vaccine have already proved successful in protecting against
chronic carriage and HCC, [46,47] and HBV vaccination has now been
introduced into the Australian childhood immunisation schedule.
Long-term and full coverage of newborns against HBV has the potential
of reducing HCC by approximately 85%. [14]

The two currently marketed vaccines for HPV utilise the L1 coat protein
in the form of virus-like particles to prevent persistent infection with
HPV16 and HPV18. [48-50] These viral subtypes are estimated to cause
71.8% of all HPV-related cancers, cervical and non-cervical. [25] These
vaccines need to be administered prior to exposure to HPV16 and 18,
which makes delivery in a public health setting more difficult than an
infantsetting. In Australiain 2007, the National HPV vaccination Program
was made available to teenage women, and is now part of the school
age vaccination program. From 2013 will also be made available to 12-
13 year old males. [51] However, the current cost is not practical for
all groups, especially those in developing countries, [14] and although
the HPV vaccination program in developing countries is supported by
the WHO, the applicability and benefits of HPV vaccination have been

queried and recently suspended in India. [52] The efficacy of these HPV
vaccines in preventing infections at sites other then the cervix, vagina
and vulva should be assessed. [27] Specifically, research is required on
the administration to high-risk groups (e.g. men who have sex with
men and HIV positive people) for anal cancer. [24]

Unfortunately, the described RNA viruses associated with cancer,
HIV and HCV, are highly genetically variable and therefore prove to
be difficult candidates for prophylactic vaccines. For these viruses,
anti-viral therapy appears to be more successful. For example, the
risk of infection-associated cancers in HIV positive individuals is
related to ongoing HIV replication. The use of suppressive highly
active antiretroviral therapy (HAART) has dramatically reduced the
risk for opportunistic infections and improved overall life expectancy
in patients with HIV-infection and AIDS. [53] A significant decrease in
the incidence of KS has been observed in patients treated with HAART.
[19] Moreover, HAART and preserved CD4 count preferentially reduces
the risk of malignancies associated with oncogenic infections. [54]
Similarly, patients with HCV who were prescribed the anti-viral agent,
interferon, showed regression of their splenic lymphoma. [55]

Recently approved HCV NS3-4A protease inhibitors are proving
effective in clearing and curing HCV infection. In the future, this may
significantly impact on HCV infection rates and subsequent incidence
of HCC.

Exciting Therapeutic Targets

Our understanding of mechanisms of viral initiation of carcinogenesis
has provided the opportunity to design innovative, targeted cancer
therapies based on the pathways disrupted by the transforming viral
genes.

For example, recent studies reveal that the cellular survivin oncoprotein
is activated by MCV large T antigen protein via targeting the cellular
Rb (p53) protein, and that survivin inhibitors can delay MCV-induced
tumour progression in animal models. [56] Clinical trials are now in
progress to determine whether these survivin inhibitors have any
therapeutic benefits. Additionally, MCV is a target for cell-mediated
immune responses, and so important research efforts are being
focused on immunologic therapies that may benefit MCC patients. [56]
These findings provide a proof of principle for specifically treating virus-
associated cancers by targeting the mechanisms by which they induce
oncogenesis. In the case of MCV, a promising rational drug target has
been uncovered within only four years of the initial discovery of MCV
as a causative cancer agent. Similarly, other new treatments for cancer
might be rapidly developed should we identify new viral associations
with malignancies.

Conclusion

Viruses are animportant aetiological cause of human cancers, especially
in the developing world where they lead to a significant burden of
disease. Although viruses make an important contribution to human
cancer development, it is often difficult to prove the association of viral
infections with cancer, due to latency in tumour development and the
multifaceted interaction with the host. It is reasonable to think that
the calculations of cancers attributable to viruses are underestimates
and that cancers other than the ones described may also be associated
with viral infections. The viruses in this review exemplify the best-
established human tumour viruses, but there are many other potential
candidates. Undoubtedly, as our knowledge of carcinogenesis and
viruses expand, further cancer-associated viruses will be discovered.
From a public health point of view, infectious diseases are often
preventable or treatable; therefore, cancers associated with infections
are, or may become, preventable. Prevention may be in the form of
vaccination, novel therapies to target the immune system or oncogenic
proteins, or education and public health interventions.
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