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Why do viruses cause cancer?
Highlights of the first century of
human tumour virology
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Abstract | The year 2011 marks the centenary of Francis Peyton Rous’s landmark
experiments on an avian cancer virus. Since then, seven human viruses have been
found to cause 10-15% of human cancers worldwide. Viruses have been central to
modern cancer research and provide profound insights into both infectious and
non-infectious cancer causes. This diverse group of viruses reveals unexpected
connections between innate immunity, immune sensors and tumour suppressor
signalling that control both viral infection and cancer. This Timeline article
describes common features of human tumour viruses and discusses how new
technologies can be used to identify infectious causes of cancer.

The burden of viral infections in cancer

is high but underappreciated by much

of the cancer research community. The
International Agency for Research on
Cancer estimates that one in five cancer
cases worldwide are caused by infection,
with most caused by viruses? These
cancers are particular public health prob-
lems for the developing world, as well as
for underserved and immunosuppressed
populations in developed countries. Most
importantly, these cancers have readily
identifiable targets for diagnosis, preven-
tion and therapy. Vaccination programmes
against two human tumour viruses, hepa-
titis B virus (HBV) and human papilloma-
virus (HPV), have already begun to alter

Timeline | Some major discoveries and events during the first century of tumour virology

age-old cancer patterns on an international
scale®>. In this Timeline article, we pro-
vide an overview of the major milestones
in research on viruses and human cancer
(TIMELINE) and highlight common features
among the human cancer viruses (TABLE 1).
Non-viral infectious causes for human
cancer are reviewed elsewhere®’.

Discovery of tumour viruses

On 1 October 1909, Francis Peyton Rous
began his famous cancer virus trans-
mission experiments at the Rockefeller
Institute, USA, on a 15-month-old

barred Plymouth Rock hen that had been
brought to him by a farmer from Long
Island, New York, USA. The chicken had a

sarcomatous chest tumour that Rous suc-
cessfully transplanted into other chickens
that were related to the same brood®’. By
1911, he had shown that the cancer could
be transmitted through cell-free tumour
extracts and thus must be caused by a
small transmissible agent, probably a virus.
These experiments knowingly built on the
pioneering work of two Danish scientists,
Vilhelm Ellerman and Oluf Bang (FIG. 1),
who published similar results in 1908 on
the viral transmission of avian erythrob-
lastosis'. As cancers are not contagious,
viral causes for chicken cancer were shortly
thereafter relegated to being scientific
curiosities''. Rous gave up his studies on
viral cancers 4 years later and little further
progress was made in tumour virology
until the 1930s when mammalian tumour
viruses began to be described'>'*. Rous
eventually returned to viral tumour biology
through his studies with Richard Shope

on the cottontail rabbit papillomavirus in
1934. These studies led to investigations of
the co-carcinogenic effects of coal tars on
virus-induced tumours. Interest in viral
causes for cancer redoubled in the early
1950s following Ludwik Gross’s discovery
of an acutely transforming murine retrovi-
rus (BOX 1) and a polyomavirus that caused
murine tumours'. The culmination of this
first century of tumour virology would

be celebrated with Nobel Prizes awarded

in 2008 for the discovery by Harald zur
Hausen of high-risk HPV strains that cause
cervical cancer and the discovery of HIV,
an agent that does not initiate cancer but
indirectly ‘sets the stage’ for malignancy
through immunosuppression, by Francois
Barré-Sinoussi and Luc Montagnier.

Initial descriptions
Adenovirus Nobel Prizes of the AIDS
Rous carries out and SV40 are Nobel Prize awarded Description of awarded to Discovery of epidemic and
Experiments on virus Discovery of shown to to Rous reverse Temin, p53 AIDS-related
virus transmission transmission murine induce transcription Baltimore associated cancers such as KS
of rabbit experiments for leukaemia tumoursin HBV described?*#® and and with SV40 T and non-Hodgkin’s
myxomatosis'* avian sarcoma®’ retrovirus'® rodents?020t as cause of hepatitis retroviruses'’**7* Dulbecco antigen$21 lymphomas?**
1953 1962 1964 1965 1966 1967 1970 1975 1976 1979 1980 1981
First demonstration Identification Description Discovery of Discovery of first EBV e Cellular origin of the Discovery of HTLV-I?
of cell-free of of mouse murine human tumour immortalization SRC oncogene
transmission of papillomavirus mammary polyomavirus'® virus: EBV of primary described!”’ HBV linked to hepatocellular
avian viral in rabbit tumour described in lymphocytes'* * Nobel Prize awarded carcinoma and HBV
leukaemia'® papillomas!®® virus'?’ Burkitt’s lymphoma to Blumberg vaccine approved: the first
cell lines®® ‘anticancer’ vaccine

EBV, Epstein-Barr virus; FDA, US Food and Drug Administration; HBV, hepatitis B virus; HPV, human papillomavirus; HTLV-I, human T-lymphotropic virus-I; KS, Kaposi’s
sarcoma; KSHV, Kaposi’s sarcoma herpesvirus also known as human herpesvirus 8 (HHV8); VLP, virus-like particles.
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Table 1| The human cancer viruses

Virus

Epstein-Barr virus (EBV; also
known as human herpesvirus 4

(HHV4))

Hepatitis B virus (HBV)

Genome

Double-stranded DNA herpesvirus

Single-stranded and

Notable cancers

Most Burkitt's lymphoma and nasopharyngeal

carcinoma, most lymphoproliferative disorders,
some Hodgkin’s disease, some non-Hodgkin’s
lymphoma and some gastrointestinal lymphoma

double-stranded DNA
hepadenovirus

Human T-lymphotropic virus-|
(HTLV-I)
High-risk human papillomaviruses

(HPV) 16 and HPV 18 (some other
o-HPV types are also carcinogens)

Hepatitis C virus (HCV)

Kaposi's sarcoma herpesvirus
(KSHV; also known as human
herpesvirus 8 (HHV8))

Merkel cell polyomavirus (MCV)

Human cancer viruses

The first human tumour virus, Epstein-Barr
virus (EBV; also known as human herpes-
virus 4 (HHV4)), was not described until

53 years after Rous’s initial experiments.
Anthony Epstein, Bert Achong and Yvonne
Barr used electron microscopy in 1964 to
identify EBV particles in cell lines from
African patients with Burkitt’s lymphoma'®.
The unusual geographic distribution of
Burkitt’s ymphoma had suggested a novel
environmental cause, such as a viral infection,
which was confirmed by these early viro-
logical studies. This spurred other electron
microscopy-based searches for human cancer
viruses that largely turned out to be fruitless,
as cancer viruses generally do not replicate to

e Discovery of
high-risk HPV types
in cervical cancer®

e Discovery and cloning
of Hepatitis C virus*

Positive-strand, single-stranded RNA
retrovirus

Double-stranded DNA
papillomavirus

Positive-strand, single-stranded

RNA flavivirus
Double-stranded DNA herpesvirus

Double-stranded DNA polyomavirus

lymphomas

Some hepatocellular carcinoma

Adult T cell leukaemia

Most cervical cancer and penile cancers and some

Some hepatocellular carcinoma and some

Kaposi’s sarcoma, primary effusion lymphoma and

Year first  Refs
described

1964 15
1965 25
1980 20

1983-1984 O

some multicentric Castleman’s disease

form virions in tumours (discussed below).
The discovery of EBV also sparked conten-
tion among cancer biologists because of the
difficulty in reconciling the near ubiquitous
infection of adults with EBV and the fact that
EBV-associated cancers are uncommon'®.
Furthermore, although Burkitt’s lymphoma
tumours from African and New Guinean
patients are almost always positive for EBV,
sporadic Burkitt’s lymphomas in developed
countries frequently lack EBV but retain
signature MYC-IgH or MYC-IgL transloca-
tions". This would require a rethinking of
disease causality, as EBV does not follow

the Galilean principles of causality ¢, which
require that a virus must be both necessary
and sufficient to be the cause of cancer (BOX 2).

Nobel Prizes

* Nobel Prizes awarded to
Bishop and Varmus

e Initial descriptions of
HIv23

FDA approved awarded to

HPV VLP-based Zur Hausen,
Discovery of preventive Barré-Sinoussi
KSHV in KS** vaccine and Montagnier

1983

1984

1988 1989

1990

1992

1994 1995 2006 2008

EBV genome Tumour virus Epidemiology Description of Isolation of Discovery of
sequenced”® targeting of of KS points herpesvirus KSHVin the Merkel cell
retinoblastoma to virus”® homologues primary effusion polyomavirus*
protein and p53 to cellular lymphoma
(REFS 205-207) oncogenes’® cells?*?1°

Most Merkel cell carcinoma

other anogenital and head and neck cancers 30
1989 31
1994 33
2008 34

Six more cancer viruses have been discov-
ered, in addition to EBV (TABLE 1), which are
now widely accepted as causes for invasive
human tumours. Additional candidates
are continuously proposed but their roles
in human cancer remain controversial and
unclear. This list is small but we can still
draw at least one startling conclusion from it:
human cancer viruses do not fall into a sin-
gle viral class. Much of the past century was
devoted to the search for simple human can-
cer retroviruses similar to the Rous sarcoma
virus (BOX 1), but the only retroviruses asso-
ciated with human cancer are the complex
retroviruses: human T-lymphotropic virus-I
(HTLV-I) and HIV-1 and HIV-2. HIV does
not directly cause cancer but it is frequently
included as a cancer-causing agent by virtue
of its induction of immunodeficiency, which
promotes the development of cancers caused
by other viruses®.

A second surprise is that human cancer
viruses span the entire range of virology and
include complex exogenous retroviruses
(such as HTLV-I), positive-stranded RNA
viruses (such as hepatitis C virus (HCV)),
DNA viruses with retroviral features (such
as HBV) and both large double-stranded
DNA viruses (such as EBV and Kaposi’s
sarcoma herpesvirus (KSHV; also known as
human herpesvirus 8 (HHV8)) and small
double-stranded DNA viruses (such as HPV
and Merkel cell polyomavirus (MCV)). There
is no obvious molecular rule that either
firmly establishes or eliminates an agent as a
potential human tumour virus a priori. Also,
almost all of the tumour viruses have close
relatives that do not cause human cancer.
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Figure 1| Historical figures. a | The chicken tumour that started it all. This photograph from 1909
shows a sarcoma on the external chest wall of a chicken that was used by Francis Peyton Rous to dis-
cover the Rous sarcoma retrovirus®. b | Vilhelm Ellerman (1871-1924), shown on the left, and his assist-
ant, Oluf Bang (1881-1937), shown on the right. These Danish scientists first succeeded in transmitting
a leukaemia-inducing avian retrovirus in 1908. These experiments formed a basis for Rous’s subse-
quent experiments showing a viral cause of a solid cancer. Images courtesy of Medical Museion,
Copenhagen University, Denmark.

This leads to the conclusion that almost every
virus has the potential to cause cancer but
only a very small proportion actually do so.
As suggested above, traditional virological
techniques have had limited success in iden-
tifying human cancer viruses. EBV virions
were identified by cell culture and electron
microscopy'? but this was followed by only
one other human tumour virus, HTLV-I*.
HTLV-I was discovered by Bernard Poiesz,
Robert Gallo and colleagues in 1980 (and
shortly after confirmed by Yorio Hinuma,
Isao Miyoshi and collaborators*') from cell
lines established from a case of the newly
described adult T cell leukaemia/lymphoma
(ATLL) syndrome that was previously

diagnosed as mycosis fungoides®***-**, This
virus was sought by searching for reverse
transcriptase activity in a survey of T cell
lines, which was partly initiated owing to the
earlier discovery that a gibbon retrovirus
causes T cell leukaemia. By contrast,

HBY, discovered shortly after EBV in the
mid-1960s and leading to a Nobel Prize for
Baruch Blumberg in 1976, has only recently
been successfully propagated in culture and
was first linked by serology to acute hepatitis
rather than to cancer®?. The role of HBV
in hepatocellular carcinoma was established
more than a decade later by Beasley et al.”
through longitudinal studies of Taiwanese
insurance company cohorts.

The remaining four viruses were discov-
ered as genetic elements using molecular
biology, rather than virology, techniques.
Since the 1840s, sexual activity had been sus-
pected to be a risk factor for cervical cancer,
and Harald zur Hausen reasoned that papil-
lomaviruses might contribute to this cancer
owing to their role in sexually transmitted
genital warts*. He and his colleagues cross-
hybridized known papillomavirus DNA to
cervical cancer DNA, discovering two novel
high-risk papillomaviruses genotypes (HPV-16
and HPV-18) in the early 1980s** that
were subsequently confirmed to be present
in most cervical cancers. Similar to HBV,
HPYV also propagates poorly in culture in
most cell types although it is maintained
as an integrated, non-productive virus in
HelLa cells®®*. In the late 1980s, Qui-Lim
Choo, Michael Houghton, Daniel Bradley
and colleagues sought additional causes for
transfusion-transmitted hepatitis (known
as the nonA-nonB hepatitis virus) by anti-
body panning of a randomly primed cDNA
library made from the sera of experimentally
infected chimpanzees. This led, in 1989, to
the isolation of genome fragments from the
flavivirus HCV?!, which was then immedi-
ately exploited by multiple groups to show
that this new virus, like HBV, is associated
with hepatocellular carcinoma. HCV was
only recently propagated in cell lines™.

We specifically sought out viral causes for
Kaposi’s sarcoma and Merkel cell carcinoma
(MCCQ), discovering KSHV in 1994 (REF. 33)
and MCV (together with Huicheng Feng
from our group) in 2008 (REF. 34). These
discoveries were both based on nucleic acid
subtraction, although the actual experimen-
tal approaches were very different. KSHV
was identified by physical DNA subtraction
(representational difference analysis)® using
Kaposi’s sarcoma and healthy tissue genomes
from the same patient. By contrast, MCV
sequences were identified by computational
subtraction of cDNA sequence data using
digital transcriptome subtraction (DTS)*, a
technique developed by us over a 10-year
period and independently developed by oth-
ers”’. Applying DTS to MCC revealed viral
sequences belonging to a new human polyo-
mavirus. Like most other human cancer
viruses, MCV and KSHYV are not typically
transmissible from the cancers that they help
to induce.

These examples show how traditional
approaches that are used by virologists, such
as virus culture and electron microscopy,
often fail in tumour virology. Another dif-
ficulty to understanding viruses in human
cancer has been the slow realization that
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virus infection alone is never sufficient for
tumorigenesis, an unsurprising fact that is
also true for non-neoplastic viral diseases.
Only in a few specific cases, such as KSHV
in Kaposi’s sarcoma and HPV in cervical
cancer, can particular viruses be assumed
to be necessary, as they are universally
present in these tumours. HBV, HCV and
chemical carcinogens each contribute to
the total attributable liver cancer risk, but
none of these factors alone is required for
liver cancer?®. Thus, the concept of a virus
being both necessary and sufficient as the
cause of a cancer is too simplistic to be use-
ful in modern cancer research. As cancer is a
complex multistep process, it is now obvious
that many molecular events, including virus
infection, function together to generate the
transformed cellular phenotype®*-*!.
Immunity is an external factor that
has particular importance in determining
whether a cancer occurs after exposure to a
potential tumour virus. This can be seen with
signalling lymphocytic activation molecule-
associated protein (SAP) mutations in males
that cause immunodeficiency and X-linked
lymphoproliferative syndrome after EBV
infection*. Kaposi’s sarcoma, first described
in 1872 (REF. 43), also illustrates the impor-
tance of immunity to control the expression
of a viral cancer. KSHV co-speciated with
humans 80 million years ago* but infects
only ~3% of healthy North Americans*-*.
Before the AIDS epidemic, KSHV caused less
than three Kaposi’s sarcoma cases per year
per million people in the United States, but
rates of Kaposi’s sarcoma soared tens of thou-
sands-fold among people with AIDS after the
emergence of immune suppression owing to
the HIV pandemic®'.

Indirect versus direct carcinogenesis
Infectious cancer agents (including, viruses,
bacteria and parasites) have been divided
into two broad categories: direct carcinogens,
which express viral oncogenes that directly
contribute to cancer cell transformation,

and indirect carcinogens that presumably
cause cancer through chronic infection and
inflammation, which eventually leads to car-
cinogenic mutations in host cells*>*. This is a
useful description for infectious cancer causes
that will undoubtedly change as knowledge
accumulates. By definition, a direct viral
carcinogen is present in each cancer cell and
expresses at least one transcript to maintain
the transformed tumour cell phenotype, as
occurs with HPV-, MCV-, EBV- and KSHV-
related cancers. Evidence supporting this
comes from knockdown studies in which the
loss of viral proteins results in the loss of host

PERSPECTIVES

Box 1| The long, strange trip of retroviruses in cancer

“One can scarcely suppose that a horde of viruses, each with its more or less limited potentialities,
are passed along together in the ovum or sperm, as generation succeeds generation, or that they
reach the young organism by way of the uterus or milk.” Francis Peyton Rous, 1960 (REF. 171)

Tumorigenic retroviruses have been central to cancer biology, leading to the development of focus
formation assays'’?, discovery of reverse transcription'’**"*, identification of more than 20 cellular
oncogenes'’>"”7 and ultimately Nobel Prize recognition for Rous 57 years after his initial
experiments. The Ellerman and Bang erythroblastosis virus and the Rous sarcoma virus are
independently derived from avian leukosis virus (ALV), a simple retrovirus'**’8. Simple retroviruses
can become carcinogenic by recombination with cell-derived oncogenes (SRC in the case of Rous
sarcoma virus and probably ERBB2 in the case of the Ellerman and Bang virus), which disrupt the
viral genome, usually rendering it non-infectious or by insertional mutagenesis. ALV is endemic
among chickens, but Rous sarcoma virus is not and most strains require co-infection with a helper
retrovirus to be transmitted". Discovery of endogenous retroviral sequences by Robin Weiss and
colleagues'’”® suggested that simple retroviruses (endogenous retroviruses (ERV)) could re-emerge
from the host genome, raising a perplexing possibility that some oncogenic retroviruses arose
during serial cancer transplantation experiments with the unwitting aid of early
experimentalists'®®*8., [ronically, tumour viruses helped to identify cellular oncogenes'’” and
tumour suppressor genes'®*1%3, giving rise to the successful somatic mutation theory of cancer that
no longer required the confusing biology of tumour viruses. By the 1970s, as Anders Valhne recalls,
“...the notion of human cancer viruses became inill repute and rather than talking of ‘human
tumour viruses’ people in science talked of ‘human rumor viruses’.” (REF. 24) Discovery of a complex
cancer-causing human retrovirus (human T-lymphotropic virus-l (HTLV-I)) in 1980 (REFS 20,24) came
too late to fully rehabilitate their reputation.

But the possibility for simple retroviral involvement in human cancer persists. The exogenous
ovine Jaagsietke retrovirus has evolved over the past several hundred years from an ERV to cause a
transmissible cancer of in-bred sheep — most famously in the cloned sheep Dolly***. Spontaneously
arising human ERV-derived retroviruses might similarly contribute to sporadic human cancers but

177

would be difficult to detect and non-transmissible***. Further, a recent candidate human cancer
virus is a simple retrovirus that is controversially associated with prostate cancer and chronic
fatigue syndrome!®*%, Time, careful epidemiology and careful experimentation will determine the

role of these viruses in human cancer.

cancer viability>*%. Indirect carcinogens (most
notably, the Helicobacter pylori bacterium)
could potentially also include ‘hit-and-run’
viruses in which the viral genes are lost as
the tumour begins to mature, although good
examples of this process have not been
documented to date.

Several agents (such as HBV, HCV and
HTLV-I), however, do not fit neatly into
either the indirect or the direct carcino-
gen categories. Hepatocellular carcinoma
(HCC) generally arises after prolonged liver
cirrhosis from chronic virus-induced cell
death and regeneration®-**. HBV is clon-
ally integrated into the genomes of tumour
cells in almost all HBV-related cancers, but
it is not clear whether persistent HBV (or
HCV) gene expression is required for HCC
cell proliferation®. HTLV-], like most direct
carcinogens, is present as a clonal infection
of ATLL, but expression of its putative onco-
gene v-tax is frequently absent in the mature
leukaemia or lymphoma cells*. Transgenic
models reveal that various proteins from
these viruses, including the HBX protein
from HBV, NS5 protein from HCV and
TAX from HTLV-I can initiate oncogenic
transformation®>®. Thus, for these viruses
it remains unclear whether specific viral

products maintain mature tumour cells, pro-
mote a precancerous cell phenotype or con-
tribute to cancer solely through prolonged
infection and chronic inflammation®>.
Bacterial carcinogens can also have features
that are reminiscent of direct carcinogens®,
showing that the simple dichotomization of
direct and indirect carcinogens is probably
inadequate.

The indirect versus direct paradigm
is nonetheless very useful as it guides our
thinking about which cancers are most
likely to harbour a new human cancer virus.
Cancers that are related to immunosup-
pression are candidates for being caused
by tumour viruses®. Loss of surveillance
for specific viral cytotoxic T cell epitopes
without generalized immunosuppression,
as might occur during ageing, is also likely
to promote cancers that are caused by
viruses®®®. This makes intuitive sense, par-
ticularly for direct carcinogens, as they must
express at least one foreign protein in each
cancer cell, but even cancers caused by indi-
rect infectious carcinogens have an increased
occurrence in immunosuppressed popula-
tions®. In a classic epidemiological study,
Beral et al.”® used this knowledge of direct
and indirect cancer causation on registry
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Box 2 | The EBV-cancer paradox

Resolving the Epstein—Barr virus (EBV)—cancer paradox — that a common infection can cause a
rare cancer — required the recognition that chronic viral infection functions together with
multifactorial non-viral risks to contribute to cancer. The well-known Koch'’s postulates are not
applicable to viruses such as EBV, which generally cannot be isolated as pure cultures in vitro or
used to re-infect susceptible laboratory animals'***°. Hill's criteria'®!, used to determine the
relationship between cigarette smoking and lung cancer, work well for uncommon agents, such as
Kaposi's sarcoma herpesvirus (KSHV) that causes Kaposi's sarcoma'®, but also have unstated
pathobiological biases that limit their use in tumour virology. Subsequent to its discovery, Werner
and Gertrude Henle and colleagues showed that EBV infection can immortalize primary B cells'®,
a property that is unique to EBV; its oncogenes were characterized®*; tumour-viral clonality was
established®; and additional examples of EBV-associated cancers and lymphoproliferative
diseases were described'*. From the perspective of Bayesian reasoning, the posterior probability
that EBV causes cancer was strengthened by the accumulating clinical and basic data from various
sources that ultimately left little doubt that EBV has a causal role in specific tumours. Nonetheless,
more than 30 years passed from its discovery until it was officially declared a human carcinogen by

an international cancer agency'®.

data of patients with AIDS to correctly
predict most of the major epidemiological
features for the virus (KSHV) that caused
Kaposi’s sarcoma before its actual discovery.
Similarly, analyses by Engels et al.”* of data
of patients with AIDS focused our attention
on MCC as possessing a potentially infec-
tious origin. Other immunosuppression-
related tumours, including non-melanotic
skin tumours, EBV-negative Hodgkin’s
disease and non-Hodgkin’s lymphomas, are
promising candidates for future cancer virus
discovery’>”.

This paradigm not only suggests where to
look for human cancer viruses but also how
to look for them. A cell possesses approxi-
mately 200,000 mRNA transcripts, and meth-
ods to sequence cDNA substantially beyond
this level are readily available. If a direct
carcinogen is present and expresses a foreign
oncoprotein, carrying out DTS on cDNA
from a monomorphous tumour specimen is
likely to sequence a viral gene. There are tech-
nical difficulties with this approach (particu-
larly in recognizing that a transcript belongs
to a novel virus rather than being a mis-
sequenced or unannotated human transcript,
as outlined elsewhere™) that place constraints
on sequencing-based virus discovery. As
genomic databases improve, molecular dis-
tinctions between self and non-self genomes
will become more precise and easier to detect.
Equally importantly, sequencing technologies
can help to exclude a direct carcinogen if it is
not present in a cancer. Deep sequencing of
four human mesothelioma tumour cDNAs
failed to identify SV40 viral transcripts™,
providing evidence against a long-standing
hypothesis that SV40, a rhesus polyomavi-
rus, is directly involved in the development
of mesothelioma’. Although this does not
exclude SV40 as a cause of human cancer, this

virus would have to do so in mesotheliomas
through a new and undescribed mechanism.
Tumour trasnscriptome sequencing can also
be paired with sequencing of the appropriate
control tissues to determine cancer cell gene
expression. Therefore, if properly carried out,
even negative searches for viral sequences
can provide useful clues about the origins of
human cancer.

Latency and pseudo-latency

A common feature for human tumour
viruses is that they are persistent latent or
pseudo-latent infections that generally do not
replicate to form infectious virus particles in
tumours. All of the viruses in TABLE 1 have
the capacity to form virions and become
transmissible at some point in their natural
lifecycles, but within tumours these infections
are generally latent so that productive virus
replication (also known as lytic replication)
is either diminished or absent™. Viral latency
serves as an immune evasion strategy allow-
ing the virus to hide from the immune system
by turning off unnecessary viral proteins that
might be sensed by cell-mediated immune
recognition. The virus persists as a naked
nucleic acid, often as a plasmid or episome,
which relies on host cell machinery to repli-
cate whenever the cell divides. Viral latency
should not be confused with clinical latency,
which means asymptomatic infection. Latent
viral infections can be symptomatic, as in
viral cancers, and active lytic viral replication
can be relatively asymptomatic, as occurs
during the prodromal phases of HIV or HCV
infection. As early as the 1970s, investigators
recognized an inverse relationship between
virus replication, or permissiveness, and cell
transformation for tumour viruses. SV40, for
example, transforms human cells efficiently
only when mutations are introduced into its

replication origin to prevent viral replica-
tion”. The discovery of EBV in Burkitt’s lym-
phoma was fortuitous as most of the tumour
cells harbour EBV DNA in a non-transmis-
sible episomal form. Rare herpesvirus-like
structures were also seen by electron micros-
copy in Kaposi’s sarcoma tumours as early as
1984 (REF. 78) but the vast majority of KSHV-
related tumours silently harbour KSHV as
latent genomes”-5.

The most likely explanation for the con-
nection between virus latency and tum-
origenesis is that productively replicating
viruses initiate cell death, which has long
been known to virologists as the cytopathic
effect (CPE). Counter-intuitively, from the
point of view of tumour virology, virus-
induced CPE can be harnessed to kill cancer
cells in viral oncolytic therapies, illustrating
the anticancer activity of active lytic viral
replication®®. Although CPE is frequently
thought of as a virus-induced event, it is
actually a stereotypical and nonspecific
innate immune response of cells to infec-
tion by many types of viruses. When latent
viruses switch to producing virions, virus
replication generates pathogen-associated
molecular patterns from partially synthe-
sized viral chromosomes, double-stranded
RNAs and empty capsids that trigger cellular
DNA damage responses and innate immune
signalling®-%. For some viruses, lytic repli-
cation generates a linear viral chromosome
that can be recognized as a DNA fragment®
unless either the DNA ends are structurally
hidden from DNA damage response sen-
sors by encapsidation or these sensors are
inactivated. Activation of toll-like receptor
and interferon signalling by virus infection
initiates and amplifies this innate immune
response®. Together, these cellular responses
generally kill infected cells that are undergo-
ing productive virus replication — hence the
term lytic replication. Once triggered, lytic
viral replication is largely irreversible and ini-
tiates a race between the virus to successfully
reproduce itself and the death of the host cell.

Among viruses, latency is best understood
for the herpesvirus family (particularly for
EBV and KSHYV that have latent viral tissue
culture systems), in which it is tightly regu-
lated by transcriptional repression®. Latent
herpesviral protein expression is limited to a
few crucial, non-structural viral products that
include oncogenic proteins and microRNAs
(miRNAs). During herpesviral latency the
viral genome is not packaged into virions
but instead the viral genome replicates in
tandem with the host cell using the replica-
tion machinery of the cell and is tethered to
chromosomes as a naked circular genome®.

882 | DECEMBER 2010 | VOLUME 10

© 2010 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/cancer



Lytic replication to produce infectious virions
is initiated through a highly stereotypical
series of viral transactivator cascades, which
are cued by cellular environmental signalling
pathways, that leads to host cell death and
the release of infectious virions®. Although
not fully described, these cellular environ-
mental triggers might tell the persistent virus
when to initiate lytic virus replication to
optimally achieve transmission to a new host
and survive.

Viral control of Iytic and latent replica-
tion is less well-understood for the RNA and
small DNA tumour viruses, but these agents
also show a similar absence of productive
viral replication during malignancy. HTLV-I
is maintained as an integrated DNA provirus
that is largely transcriptionally silent within
ATLL cells?®*%. In these tumours, the viral
oncoprotein TAX is thought to promote early
precancerous cell expansion and survival, but
it may not be required in the fully malignant
T cell. However, another candidate HTLV-I
oncoprotein, HBZ, continues to be expressed
in mature ATLL cells and might have a role
in maintaining cell transformation®. Among
the small DNA tumour viruses, fragmenta-
tion and integration of viral DNA into the
nascent tumour cell eliminates their ability
to replicate as virions, a state that we have
termed ‘pseudo-latency’. Integration provides
primary evidence for cancer causation if the

integrated virus is clonal within individual
tumours, as occurs in some of the HPV-,
MCV-, HBV- and HTLV-I-related malignan-
cies’**¢1%, Although herpesviruses do not
generally integrate into the host genome,
recombination patterns for their terminal
repeat sequences can also be used as mark-
ers for tumour cell clonality®®*. In such a
scenario, clonality is a piece of molecular evi-
dence placing the suspect virus at the ‘scene
of the crime’

As viruses in tumours are generally
latent, antiviral drugs targeting the viral rep-
lication machinery are ineffective in treating
mature tumours. However, antiviral therapy
can in some instances prevent the develop-
ment of new tumours. Randomized clinical
trial data show, for example, that targeting
the KSHV thymidine kinase and phospho-
transferase proteins® can prevent >90% of
new Kaposi’s sarcomas from forming® but
this targeting has no effect on established
tumours®. A possible exception to the rule
for viruses being non-replicative and silent
in human malignancy is HBV. This virus can
infect nearly all hepatocytes in the liver dur-
ing acute HBV hepatitis but most cells sur-
vive infection, eventually clearing the viral
genomes without cell death”. Intriguingly,
non-cancerous liver tissues from patients
with HBV-associated HCC show patterns
of microclonality®. It is not known whether
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this results from re-expanding clones of
hepatocytes or whether it represents a
premalignant change.

Origins of viral oncogenes

Cancers caused by viruses — such as non-
infectious cancers — are biological accidents.
Tumours do not increase transmissibility of
viruses or enhance their replication fitness.
A common misperception is that cancer
viruses cause cancer to increase viral bur-
den and transmission. Instead, tumours are
‘dead-end’ events for viruses. Only a small
proportion of people infected with any of the
human tumour viruses develop tumours and,
of those people who do, they rarely (if ever)
serve as sources for ongoing transmission.
Instead, most human tumour virus transmis-
sions are asymptomatic or mildly sympto-
matic but do not lead to neoplasia.

If we discard the idea that viruses are
evolutionarily programmed to cause cancer,
then why do tumour viruses encode onco-
genes? There is strong selection to maintain
viral genes that can initiate tumorigenesis,
as diverse viruses (including, non-tumour
viruses) show remarkable convergence to
target the same tumour suppressor pathways
(FIG. 2). For example, most of the human
tumour viruses encode oncoproteins that
target RB1 and p53, although they do so
through different and unique mechanisms
Other common targets that have roles in
tumorigenesis for tumour viruses include tel-
omerase reverse transcriptase (TERT*'1%),
cytoplasmic PI3K-AKT-mTOR'*, nuclear
factor-kB (NF-kB)*¢+17-19 B-catenin (also
known as CTNNB1)!!° and interferon
signalling pathways!"".

Two widely held views exist for the tel-
eology of viral oncogenes (FIC. 3). The first
hypothesis originated from the biology of
small DNA tumour viruses (such as HPV
and SV40) and was based on the presumed
need for these viruses to re-initiate the cell
cycle entry of differentiated cells to set con-
ditions for viral replication'®'"2, Because the
host replication machinery and nucleotide
pools are limited in the GO cell cycle phase
of differentiated cells, these viruses might
force unscheduled S phase entry to gener-

100

ate the cellular resources that are needed for
viral genome replication. Disruption of cell
cycle regulation, however, also activates cell
death signalling pathways, such as p53, and
so apoptotic signalling should also be inhib-
ited to allow the efficient manufacture and
export of viruses before cell death.

This is illustrated by the lifecycle of HPV,
which infects basal epithelial cells that differ-
entiate into arrested squamous epithelium.

Figure 2 | Common cellular targets for unrelated tumour virus oncoproteins. Anincomplete
but diverse list of animal and human tumour virus proteins that target RB1, p53, interferon and PI3K-
mTOR signalling pathways. Most of these viral proteins are evolutionarily distinct from each other and
have unique mechanisms for regulating or ablating these signalling pathways. Convergent evolution
of tumour viruses to target these (and other cellular signalling pathways (not shown), including inter-
leukin-6 (IL-6)-signal transducer and activator of transcription 3 signalling, telomerase and nuclear
factor-kB (NF-kB) signalling pathways) reveals commonalities among the cancer viruses in tumour
supressor and oncoprotein targeting. CBP, cAMP-response element binding protein; CDKI, cyclin-
dependent kinase inhibitor; EBV, Epstein-Barr virus; HCV, hepatitis C virus; HPV, human papillomavi-
rus; HTLV, human T-lymphotropic virus; IFNR, interferon receptor; IRF, interferon regulatory factor;
KSHV, Kaposi’s sarcoma herpesvirus; LMP, latent membrane protein; miRNA, microRNA.
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Figure 3 | Two views for the origins of viral oncoproteins. a | The tumour virus proteins target RB1
and p53 to drive a quiescent GO cellinto S phase of the cell cycle, allowing viral access to the nucle-
otide pools and replication machinery that are needed for replication and transmission'®. Viral
tumourigenesis is a by-product of the molecular parasitism by viruses to promote their own replica-
tion. Cells respond to virus infection by activating RB1 and p53 to inhibit virus replication as part of
the innate immune response®®. To survive, tumour viruses have evolved the means for inactivating
these and other immune signalling pathways that place the cell at risk for cancerous transformation.
This view holds that many tumour suppressor proteins have dual functions in preventing cancer forma-
tion and virus infection. b | An illustration of the overlap between intracellular innate immune and
tumour suppressor signalling. Under typical circumstances, viruses do not cause cancers except in the
settings of immunosuppression and/or complementing host cell mutations. Non-tumorigenic viruses,
which constitute the overwhelming majority of viruses, target many of the same innate immune and
tumour suppressor pathways as tumour viruses but do so in ways that do not place the host at risk for
carcinogenesis. Apart from p53, RB1 and p300, additional proteins are likely to have both tumour
suppressor and innate immune functions.

A commonly held view of HPV targeting

of tumour suppressor pathways is that as
the infected keratinocyte differentiates, the
HPV E7 oncoprotein inactivates RB1 signal-
ling to drive quiescent, infected cells back
into a proliferative state, thus allowing viral
genome replication'”. Simultaneously, the

HPV E6 protein induces ubiquitin-mediated
degradation of p53, preventing the prema-
ture apoptosis that would otherwise limit the
efficiency of virus production'*. Under nor-
mal circumstances, these virus-deregulated
cells will typically be sloughed off together
with infectious virions. Rare mutations,

however, that disrupt this lifecycle (such as
an HPV integration event that results in the
loss of early viral gene regulation) can set the
stage for this molecular parasitism to turn
into cancer cell transformation. By targeting
the cell cycle checkpoints and anti-apoptotic
machinery that are involved in genomic
proofreading, viral oncogenes also induce
cellular genomic instability and aneuploidy,
which in turn contribute to carcinogen-
esis''>!"®, In summary, the most commonly
held view for the function of viral oncogenes
is that these genes target cellular tumour
suppressor pathways to promote produc-
tive viral replication and only contribute to
cancer when random mutations disrupt this
equilibrium.

However, studies on the large DNA
tumour viruses (such as EBV and KSHV)
suggest a more complex interaction
between the viral oncogenes and the host
cell that may have more to do with evad-
ing immune responses during latency than
ensuring viral genome replication®®!"!17,
During lytic viral replication, these
viruses also hijack the cell cycle regulation
machinery to promote their own genomic
replication. The oncogenic herpesviruses
encode proteins to inhibit p53, RB1 and
other tumour suppressor checkpoints dur-
ing active lytic viral replication'"*'*!, and
also possess virally encoded DNA synthe-
sis enzymes®. These viral genes, like their
counterparts among the small DNA tumour
viruses, set the stage for the rapid replica-
tion and amplification of viral genomes by
generating an S phase-like cellular state that
can replicate viral DNA once lytic replication
is initiated.

But the viral proteins and virus-encoded
miRNAs that drive herpesviral tumours are
expressed during latency, and these viral
oncogenes can not directly contribute to pro-
ductive viral replication'%!?2-12¢, Herpesvirus
oncoproteins are expressed at the wrong time
for them to be involved in generating the
cellular resources needed for virus genome
replication. The KSHV LANA1 oncoprotein
suppresses lytic replication to maintain virus
latency while it simultaneously targets RB1,
p53 and interferon signalling responses'?~'%.
The KSHV-encoded cyclin is another latent
viral oncoprotein™*'*! that is expressed in a
cell cycle-dependent manner'®. Similar to
HPV E7, it targets RB1 and inactivates the
G1/S checkpoint but it does not promote
virus replication. For EBV, at least three
classes of viral latency have been established,
which are distinguished by different groups of
oncogenic non-coding RNAs, Epstein-Barr
virus nuclear antigens (EBNAs) and latent
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membrane proteins (LMPs)'*. These EBV
latent products target cell cycle and apoptotic
signalling pathways (for example, p53-upreg-
ulated mediator of apoptosis (PUMA) is
targeted by a latent EBV miRNA'#), but are
also not directly involved in generating EB
virions or amplifying EBV genomes during
productive virus replication. Studies from the
herpesviruses raise the question: what are the
viral oncoproteins doing if they are not
preparing the cell for virus replication?

Viral oncogenes and immune evasion
Over the past decade, increasing evidence
has indicated that the evasion of innate
immunity also plays a fundamental part

in viral tumorigenesis. Humans, as well as
most complex metazoans, are chimeric for
numerous viruses. In some cases, mam-
mals may even exploit latent viral infections
to beneficially regulate their own innate
immune systems'*. So, it is not surprising
that major portions of the eukaryote cell are
devoted to protecting the host genome from
foreign viral sequences. Innate immune sig-
nalling shares many similarities to tumour
suppressor signalling, as both processes
initiate cell cycle arrest and prime apoptotic
pathways. Key effector proteins such as the
p21 cyclin-dependent kinase inhibitor'*
and p53 (REF. 136) are shared by both tumour
suppressor and innate immune surveillance
signalling networks. This suggests that tar-
geting of tumour suppressor pathways by
viruses may actually represent an immune
evasion response that disables antiviral path-
ways but inadvertently places the infected
cell at risk for cancerous transformation

(known as the anti-antivirus hypothesis)®®'!!.

The dual nature of innate immune
signalling in antivirus and anticancer
functions is illustrated by interferon regu-
latory factors (IRFs), a family of induced
and immediate-early transcription factors
that regulate interferon transcriptional
responses’?’'*. KSHV encodes four
IRF homologues®'*, including vIRF1
(REF. 141), which behaves similarly to IRF2
(REF. 139) by inhibiting interferon signal-
ling and initiating cell transformation.
Most of the other established KSHV onco-
proteins, including interleukin-6 (vIL-6;
also known as K2)'*?, FLICE inhibitory
protein (VFLIP; also known as ORF71)'%,
ORF K1 protein'*®, latent nuclear antigen 1
(LANA1)2 and LANA2 (REFS 144,145),
also have well defined innate immu-
nomodulatory roles®®'”. For EBV, RNA-
dependent protein kinase (PKR) immune
signalling is targeted by latent small non-
coding EBV RNAs (EBERs)'* that might

have a role in EBV-induced tumorigenesis.
This implies that infected cells can sense
latent virus infection and must deactivate
cell cycle arrest and pro-apoptotic path-
ways to survive in the hostile environment
of the cell.

Although a role for oncoproteins in
innate immune evasion is best character-
ized for herpesviruses, other viral oncopro-
teins, such as the human adenovirus E1A
oncoprotein that causes cancer in rodents,
also dually inhibit interferon signalling and
tumour suppressor pathways by targeting
the histone acetyltransferases p300 and
CBP"*8 which participate in interferon-
induced transcription. The relationship
between tumour suppression and cellular
antiviral activity was described by Takaoka
and colleagues who showed that knock out
of Trp53 (encoding p53) causes immune
deficiency to virus infection, and that virus-
induced inflammatory cytokines prime cel-
lular pro-apoptotic signalling pathways'**.
P53 seems to not only be the ‘guardian of
the genome’ (REF. 149) but also a guardian
against viral infection.

Other cellular pathways (FIG. 3a) with
roles traditionally ascribed to preventing
tumour cell formation might also play a part
in immunity to viral infection™. Cellular
sensors for DNA and RNA ends are gen-
erally studied as triggers for the repair of
somatic mutations but they also have a role
in sensing viral nucleic acids''*2. DNA
damage responses are activated during

PERSPECTIVES

viral uncoating and replication®'**-'* that
can lead to cell cycle arrest and inflamma-
tory signalling activation'**. Disarming the
antiviral targeting of tumour suppressor
signalling may allow the prolonged persist-
ence of viral infection but also carries obvi-
ous risks for generating a cancer. Despite
evidence for a relationship between innate
immune and tumour suppressor signalling
(FIG. 3b), the mechanisms that cells might
use to sense episomal viral genomes, as
occurs during latent herpesvirus infection,
remain unknown.

The newest member of the club: MCV
The examples we describe above mainly
come from the first six human tumour
viruses. How does the most recently dis-
covered virus, MCV, compare? Similar

to SV40 and murine polyomaviruses,
MCYV encodes a multiply spliced tumour
(T) antigen protein complex that targets
several tumour suppressor proteins'®’. As
with EBV and Burkitt’s ymphoma, MCV
is present in most MCCs and it is a near-
ubiquitous infection of adults'**'*2. Within
infected tumours, the T antigen is only
expressed in tumour cells, as predicted for
a direct viral carcinogen'®. Given these
features, the strongest evidence to sup-
port MCV causing MCC comes from its
random clonal integration into Merkel
cell tumours**'** and knockdown stud-
ies showing that T antigen expression is
required for the survival of virus-positive

Glossary

Antibody panning

c¢DNA from a tumour is used to express proteins in bacteria
and transferred to replicate filters. Antibody screening of
the filters can then be used to identify colonies expressing
the specific cONA encoding an antigen.

Bayesian reasoning

A scientific approach developed from Bayes theorem,
combining features of the Logical Positivist and Kuhnian
schools of science philosophy, and describing how the
probability of a hypothesis (in this case, virus A causes
cancer B) changes with new evidence. In simple terms, it can
be described as the repeated application of the scientific
method to falsify a hypothesis such that the hypothesis has
a high probability of being either true or false.

Digital transcriptome subtraction

DTS. Method to discover new viruses by exhaustively
sequencing cDNA libraries and aligning known human
sequences by computer leaving a smaller candidate pool
of potential viral sequences for analysis®®.

Endogenous retrovirus

ERV. Retrovirus that has inserted into the metazoan
germline genome over evolutionary timescales and is now
transmitted to offspring as a genetic element through
Mendelian inheritance. Approximately 8% of the human

genome is estimated to be derived from retroviral
precursors.

High-risk papillomaviruses

More than 160 different genotypes or strains of HPV have
been described but only a few genotypes belonging to a
high-risk carcinogenic clade of the a-HPV genus are
responsible for invasive HPV-related anogenital cancers?''.

Longitudinal study

Virus infection is measured initially in a cohort of patients
who are then followed over time to determine cancer
occurrence.

Prodromal phase
An early set of nonspecific symptoms that occur before the
onset of specific disease symptoms.

Representational difference analysis

A PCR-based subtractive hybridization technique that can
subtract common human sequences from a tumour genomic
library using a control human tissue genomic library®.

Serology

The measurement of antibodies against viruses in blood or
bodily fluids. This usually does not distinguish ongoing
infections from past viral infections.
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Merkel cell lines®. Although skin car-

riage of the virus is common'®, no other
tumours except MCC have yet been con-
vincingly linked to MCV infection. As
SV40 and related polyomaviruses have
been workhorses for cancer research from
the early 1960s, studies on these viruses
can be directly applied to MCV, allowing
rapid progress in understanding its biology
in humans.

MCV is intriguing because the precise
molecular events leading to cancer have
been described and they help to explain why
this common childhood infection can lead
to a rare cancer that is associated with sun
exposure (FIG. 4). The initial event in MCV-
driven MCC carcinogenesis is likely to be
the loss of immune surveillance for the virus.
MCC principally occurs in the elderly and
immunocompromised, and those people
developing MCV-related MCC have greatly
increased antibodies to MCV structural
proteins, suggesting that the loss of cellular
immune control over the virus may allow
viraemia before the development of the
tumour159,l6l,162.

The virus then undergoes at least two
mutations, the first being non-homologous
recombination with the host chromosome.
As with other tumour viruses, clonality of
integration in primary tumours and their
metastases shows that this occurs before the
tumour cell begins to proliferate®. As MCV

® v
/ \

_— First
\ mutation

N

mutation

; — \ o —
ori Y U | h
) \ |
HH{Helicase: W

has no mechanism to excise its genome, the
virus cannot replicate and is no longer trans-
missible, and this is analogous to HPV in
most cervical carcinomas.

MCYV integration, however, generates
a problem for the nascent tumour cell.
The viral large T antigen not only targets
tumour suppressor molecules, such as RB1,
but it is also required for productive virus
replication. During a typical infection by
MCYV, the large T antigen protein binds to
the viral genome and its helicase domain
unwinds the viral origin to allow DNA rep-
lication'®. If the full-length large T antigen
protein is expressed in tumour cells with
an integrated virus, it initiates unlicensed
DNA synthesis at the integration site caus-
ing replication fork collisions and DNA
break responses that could lead to cyto-
pathic cell death'””. All MCV genomes that
have been obtained from tumours so far,
however, have inactivating secondary muta-
tions in the T antigen gene that eliminate its
DNA replication capacity. Whether addi-
tional cellular mutations are required for
the successful outgrowth of MCV-infected
MCC tumours is currently unknown.

Molecular evolution of MCV in MCC
tumours illustrates many of the common
features that have been described for the
other human tumour viruses. Most nota-
bly, tumour formation is a rare, accidental
occurrence in the lifecycle of this otherwise

Large T antigen

Merkel cell
carcinoma

Helicase
inactivation

‘ Infection ‘ —_ ‘ Immunosuppression ‘—» ‘ Integration ‘ _

Occurs in

childhood
Figure 4 | The molecular evolution of a human tumour virus. Merkel cell polyomavirus (MCV),
which has tumour-specific truncation mutations, illustrates common features among the human
tumour viruses involving immunity, virus replication and tumour suppressor targeting. Although MCV
isa common infection, loss of immune surveillance through ageing, AIDS or transplantation and sub-
sequent treatment with immunosuppressive drugs may lead to resurgent MCV replication in skin
cells*®’. If a rare integration mutation into the host cell genome occurs*, the MCV T antigen can acti-
vate independent DNA replication from the integrated viral origin that will cause DNA strand breaks
in the proto-tumour cell’”. A second mutation that truncates the T antigen, eliminating its viral replica-
tion functions but sparing its RB1 tumour suppressor targeting domains, is required for the survival of
the nascent Merkel tumour cell. Exposure to sunlight (possibly ultraviolet (UV) irradiation) and other
environmental mutagens may enhance the sequential mutation events that turn this asymptomatic
viralinfection into a cancer virus.

Occurs in e.g. elderly,
AIDS or transplant patients

innocuous virus. The recent discovery

of additional new human polyomavi-
ruses'*>1¢71% provides the opportunity to
determine whether other members of this
group share a similar potential for
contributing to human viral cancers.

Future directions
The reduced cost and increased accuracy
of sequencing technologies has created the
opportunity for most research groups to
search for cancer viruses. Only a snippet of
unique nucleic acid sequence is needed to
discover a new human tumour virus and to
begin characterizing it, so the pool of can-
cer-causing candidates is almost certain to
grow in the coming decade. Equally impor-
tantly, the reliability of human sequence
databases has matured to a level at which
certain classes of cancer agents might be
excluded when none is found. Identifying
anew virus, however, is only the beginning
in determining whether it causes human
cancer. Cancer causation theories work well
for uncommon viruses that are uniformly
present in a particular type of cancer®'%.
Head and neck squamous cell carcinomas'®
and MCCs* are examples of cancers that
were previously assumed to be homog-
enous cancers but are now recognized as
likely to be caused by both infectious and
non-infectious (or at least not identified
infectious) aetiologies. Epidemiologists
will be increasingly pressed to determine
whether a candidate viral agent might cause
only a small but important portion of a type
of tumour. New epidemiological methods
that make better use of molecular biologic
data will be key to resolving the causes for
these cancers.

Viruses have had a chequered history
in cancer biology over the past century.
Depending on the time and the fashion,
viruses have been either sought out as the
primary cause for cancer, or ignored as
inconsequential to this disease. We are now
entering a more mature phase of research
with the realization that a considerable
proportion of cancers are indeed caused by
viruses. For these cancers, infection is only
one component in their ultimate cause. But
failure to recognize the importance of viral
cancers has led to overlooked opportunities
in cancer control. Despite EBV being the
first discovered human tumour virus, there
is no EBV vaccine and little enthusiasm for
its development. KSHV has emerged as a
leading cause of adult cancer in sub-Saharan
Africa'”® but no movement has yet been
made in developing clinical interventions
against this virus or its cancers.
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The development of anti-latent viral
drugs and immunological therapies against
cancer virus antigens are achievable goals
that have not yet been pursued in modern
cancer control. The real measure of suc-
cess for the past century of tumour virus
research will be the future exploitation of
existing research to effectively diagnose,
treat and prevent cancers that are caused
by viruses.
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