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Abstract

In the 40 years since the publication of the article by Harris (Eur J Cancer 1965, 1, 183–188), considerable progress has been made

towards the understanding of the contribution of infectious agents to the development of tumours. It is estimated that 15–20% of

human malignancies may have an infectious aetiology. This article attempts to summarise the current level of our knowledge with

respect to tumour-associated viruses, and to place this in the context of the earlier article by Harris (Eur J Cancer 1965, 1, 183–188).

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Viruses; Cancer; Molecular biology; Herpesviruses; Casuality
1. Introduction

Since the publication of the article by Harris [1], many

important discoveries relating to cancer epidemiology

and to the carcinogenic effects of micro-organisms have

been reported (Table 1). Approximately one-fifth of all

human cancers worldwide arise in the stomach (9%), liver

(6%) or cervix (5%), and most of these would be pre-
vented if these infections could be eradicated [2]. More

than 100 human papillomaviruses (HPVs) have been

sequenced, and DNA from a phylogenetic subgroup of

sexually transmitted HPVs that includes HPV16, HPV18

and HPV45 is detectable in virtually all cervical cancers

worldwide [3]. These and other HPVs are also found in

other anogenital cancers and may also cause cancers of

other sites (head and neck, oesophagus and skin) [4]. The
contribution of hepatitis-B virus (HBV) to hepatocellular

carcinoma (HCC) in high-incidence regions has long

been recognised although the synergistic effect of smok-

ing is a more recent discovery [5]. The hepatitis-C virus

(HCV) is similarly carcinogenic [5].

Other viruses that present a substantial cancer risk in

certain populations include Epstein–Barr virus (EBV;

associated with various lymphoid malignancies and na-
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sopharyngeal cancer), human T-cell lymphotropic virus

type-1 (HTLV-1; adult T-cell leukaemia/lymphoma),

human immunodeficiency virus (HIV; non-Hodgkin’s

lymphoma), human herpesvirus-8 (Kaposi’s sarcoma)

[6,7]. There is also strong epidemiological evidence for

an infective aetiology in childhood leukaemia [8], but no

specific pathogen has been implicated. The incidence of

several virally-induced cancers is further increased by
specific cofactors such as dietary aflatoxin (liver), salted

fish (nasopharynx) and smoking (liver and cervix).
2. DNA viruses and tumour suppressor proteins

Much knowledge has accumulated over the past 40

years on the molecular biology of cell transformation by
oncogenic DNA viruses. Indeed, it was through the

study of viruses that important tumour suppressor

proteins such as p53 were first identified [9].

The genes responsible for transformation in DNA

viruses have no cellular homologues. They are true viral

genes required for viral growth. Most cells in the body

are quiescent and not synthesising DNA for replication.

DNA viruses need to make DNA in order to replicate
and many of them are partially dependent on the cell to

do this. They therefore modify gene expression in the

host cell to favour DNA synthesis and cell proliferation.

Several DNA viruses have developed common pathways
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Table 1

Human viruses with oncogenic potential

Virus family Virus Human tumours Non-malignant disease Experimental tumours in

animals

Papovaviridae Human papillomavirus Cervical cancer, Anogenital

cancer, Skin cancer

Warts

BK None Not known Multiple tumours in

rodents

JC None Progressive multifocal

leucoencephal-opathy

Multiple tumours in

rodents

Adenoviridae Adenovirus None Gut and respiratory

infections

Sarcomas, carcinomas in

rodents

Herpesviridae Epstein–Barr virus Nasopharyngeal carcinoma,

Burkitt’s lymphoma,

Immunoblastic lymphoma,

Hodgkin’s lymphoma

Infectious mononucleosis Lymphoma in primates

Kaposi’s sarcoma-

associated herpesvirus

Kaposi’s sarcoma, Primary

effusion lymphoma

Multicentric Castleman’s

disease

Not known

Retroviridae HTLV-1 Adult T-cell Leukaemia (ATL) Tropical spastic

paraparesis

ATL in rabbits

HIV (indirect) B-cell lymphoma, Kaposi’s

sarcoma

AIDS

Hepadnaviridae Hepatitis B virus Liver cancer Hepatitis, Cirrhosis Not known

Flaviviridae Hepatitis C virus (indirect) Liver cancer Hepatitis, Cirrhosis Not known

HTLV-1, human T-cell lymphotrophic virus type-1; HIV, human immunodeficiency virus; AIDS, acquired immunodeficiency syndrome.
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to circumvent the problem of replicating in quiescent or

post-mitotic, terminally differentiated cells. Adenovi-
ruses, polyoma virus and papillomavirus strains have

the capacity to inactivate the same cellular tumour

suppressor proteins, namely retinoblastoma (Rb) and

p53. Blockade of Rb and p53 function removes the

checkpoint that controls the cell cycle by arresting cells

in G0–G1 and allows cells to proliferate indefinitely. p53

also maintains genome stability and may induce apop-

tosis, such that removal of its function would generate
genomic instability leading to a higher probability of

mutations and chromosomal rearrangements. More-

over, cells normally programmed to apoptotic cell death

may survive and become prone to transformation.

The most recent member of the human herpesvirus

family to be identified – Kaposi’s sarcoma-associated

herpesvirus (KSHV; human herpesvirus-8, HHV-8) –

has also evolved mechanisms for the inactivation of the
tumour suppressors p53 and Rb. The KSHV encoded

latency associated nuclear antigen (LANA) is a versatile

protein with multiple functions. It tethers viral episomes

(circular DNA) to host chromatin during mitosis, al-

lowing delivery of viral progeny to all daughter cells

[10]. Similar to papillomavirus E6 and E7 and other

oncogenes of DNA tumour viruses, LANA binds to and

interferes with the functions of the tumour suppressors
p53 and the retinoblastoma protein [11,12] and trans-

forms primary rat embryo cells with Hras [12]. Recently,

it was reported that LANA also exploits the Wnt-b-
catenin pathway in an unusual way to activate genes

that can promote cell growth [13]. This finding links

KSHV oncogenesis to pathways critical to cell differ-
entiation and pathways known to be deregulated in non-

virally associated cancers. The multifunctional activities
of LANA are reminiscent of the SV40 large T antigen

and may contribute to the induction of tumours such as

Kaposi’s sarcoma and primary effusion lymphoma.
3. Retroviruses and oncogenes

Retroviruses are implicated in a series of human and
animal tumours such as leukaemias, mammary tumours

and skin cancer. The mechanisms that they use to induce

tumour formation vary. Insertional mutagenesis is a

common mechanism in rodent, feline and avian retro-

viruses, where the retrovirus integrates into the host

genome and affects the transcription of the neighbouring

genes. Cloning of these affected genes led to identifica-

tion of a series of oncogenes that play a significant role
in the induction of human neoplasms. Retrovirus in-

sertion also serves as a model to identify collaborating

oncogenes. Human retroviruses use different, more

complex mechanisms contributing to oncogenesis.

Studies of the propagation and induction mechanisms

used by retroviruses have given insight to the under-

standing of oncogenesis.

At the time of publication of Harris’ article, Temin
[14] had just published his paper proposing that ret-

roviruses somehow translated their RNA into DNA,

which then redirected the reproductive activity of the

cell, transforming it into a cancer cell. Sceptics poin-

ted out that Temin’s suggestion contradicted the

contemporary tenet of molecular biology: that genetic
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information always passed from DNA to RNA, rather

than the reverse. But in 1970 both Temin and Balti-

more proved Temin’s hypothesis correct. They identi-

fied an enzyme (reverse transcriptase) in the virus that

synthesises DNA that contains the information in the
viral RNA [15,16], a discovery that was rewarded with

a Nobel prize in 1975.
4. Leukaemia

In his article, Harris discusses the great interest in the

observed clusters of leukaemia in children and the pres-
ence of virus-like particles in the tissues of some of these

patients. Despite extensive research in the area, no virus

or other infectious agent has been discovered as the cause

of such leukaemia. Kinlen and Balkwill [17] have sug-

gested that unusual mixing of rural and urban popula-

tions is associated with increased cases of childhood

leukaemia, which would be predicted if this disease had

an underlying infectious cause. In their study of the
populations of the Orkney and Shetland islands during

World War II, childhood leukaemia increased 3.6-fold in

wartime, but not in the postwar period, compared with

the national Scottish rate. The authors attribute this in-

crease to the large influx of servicemen stationed there

during the war, suggesting that these findings add to the

evidence for infection as a cause of childhood leukaemia.

A similar study of the cluster of childhood leukaemia at
the nuclear reprocessing plant at Seascale, Cumbria,

concluded that this might also be attributed to the influx

of workers from urban areas to this rural location [18].

4.1. Adult T cell leukaemia and human T-lymphotrophic

virus-1

The only virus found to be associated with human
leukaemia is HTLV-1. HTLV-1, discovered after intense

efforts to isolate retroviruses by Gallo [19], is associated

with specific lymphoid malignancies and is endemic in

Japan, the Caribbean and Africa. Molecular probes

show that HTLV-1 is present in almost all cases of adult

T cell leukaemia (ATL). There is also a strong sero-ep-

idemiological correlation between the disease and the

virus. Transmission is thought to occur by cell-cell
contact of virus-infected cells during the intimate ex-

change of body fluids. Possible routes of transmission

include, perinatal transmission via milk lymphocytes

during breast feeding, lymphocytes contained in semen

during sexual intercourse, unscreened blood transfu-

sions and sharing of blood contaminated needles by

intravenous drug users. The virus is becoming increas-

ingly common in W. Europe and N. America particu-
larly amongst intravenous drug users and homosexual

men. Approximately 1–3% of infected individuals will

eventually develop ATL after an incubation period that
is usually several decades long. Following an asymp-

tomatic period, the patient may develop pre-ATL, in

which they remain asymptomatic, but there is a clonal

expansion of T-cells that can be morphologically-al-

tered. Half of patients with pre-ATL progress to
chronic/smouldering ATL that is manifested by skin

lesions (mycosis fungoides) and high leucocyte counts.

Progression to acute ATL occurs within several months

and is rapidly fatal.

The pathogenesis of HTLV-1 apparently results from

the pleiotropic function of the Tax protein, which is a

key regulator of viral replication. Tax has been shown to

have multiple activities in T cells. Accumulating evi-
dence indicates that activation of cellular genes through

the transcription factor nuclear factor jB (NF-jB) by

Tax is a critical factor for the transforming activity. For

example, Tax activates the transcription of numerous

cellular genes, such as genes encoding cytokines (inter-

leukin-2 (IL-2) and IL-8), the cytokine receptors (a-
chain of IL-2 receptor), proto-oncogenes (c-fos, c-jun,

fra-1, and c-rel), chemokines (IL-8 and stromal cell-de-
rived factor 1 (SDF-1)), the anti-apoptotic gene bcl-xl,

and the cell cycle regulator cyclin D2. In addition, Tax

inactivates several tumour suppressor gene products,

such as p53, p16INK, and hDLG (Reviewed in [20,21]).

These effects on a wide variety of cellular targets seem to

cooperate in promoting cell proliferation. This is an

effective viral strategy to amplify its proviral genome

through replication of infected cells; ultimately, it results
in an expanded T cell population in which a malignant

event can occur.

4.2. Leukaemia caused by gene therapy vectors

Gene transfer to human cells is being considered as

an approach to treating numerous congenital and ac-

quired disorders. Recombinant viruses are, at present,
the most effective vectors for transferring genes into

primary cells. The use of oncoretroviruses and lentivi-

ruses has been extensively investigated as vectors due to

their ability to integrate into the host cell genome.

Retroviral integration can occur in a large number of

different locations on different chromosomes, although

it seems that preferred sites are within or near genes that

are transcriptionally active [22].
A recent gene therapy trial [23] tested the ability of a

retroviral vector to treat patients who had a severe

combined immunodeficiency (SCID), and resulted in

restored immune function in most patients. Unfortu-

nately, almost 3 years after therapy was completed, T-

cell leukaemia developed in two of the subjects that were

involved in the trial. In both cases, the leukaemia cells

contained a single intact copy of the retroviral vector,
which had integrated into chromosome 11, at or near

the LMO2 proto-oncogene [24]. LMO2 is involved in

the development of both the lymphoid and myeloid se-
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ries and is the site of a translocation in leukaemia.

LMO2 transcription is activated in childhood acute

lymphoblastic leukaemia (ALL) cells as a consequence

of a t(11;14)(p13;q11) translocation [25]. These two

cases of leukaemia raise some interesting questions. Is
retroviral integration casually linked to leucaemogene-

sis? Is integration near LMO2 unique for patients with

X-linked SCID or a more frequent event? This serious

adverse complication in a trial that initially produced

promising results has brought similar clinical trials to a

halt for the time being.

Long-term integration of gene sequences into a pa-

tient’s genome is the very property that makes retrovi-
ruses attractive vectors for delivering genes to correct

inherited mono-genic disorders. Only a few studies in

animal models of gene therapy have suggested that

vector-mediated insertional mutagenesis could be a

problem [26].
5. Burkitt’s lymphoma

In 1958, Denis Burkitt first described a jaw tumour

common in African children that now bears his name

[27], and in 1962, after finding that the geographical

distribution of Burkitt’s lymphoma (BL) closely mapped

to that of holoendemic malaria, he postulated that it was

caused by an infectious agent and transmitted by the

mosquito [28]. It is clear from Harris’s article that after
publication of Burkitt’s hypothesis several research

groups attempted to isolate a virus from BL tissue, and

it is interesting that Harris, writing a year after the

isolation of EBV was reported in 1964 [29], mentions

this new herpesvirus only in a list of reported virus

isolations, including two other herpesviruses, herpes

simplex virus and cytomegalovirus, now known to be

non-tumorigenic and unrelated to BL. Clearly it took
several years to establish an aetiological association

between EBV and BL, the information accumulating

only as research techniques became sophisticated en-

ough to study virus/cell interactions at the molecular

level.

BL is a malignancy of B lymphocytes, and in addition

to endemic (African) BL which is almost entirely EBV-

associated, sporadic cases of BL occur throughout the
world at a low incidence which have a weaker EBV as-

sociation. Furthermore, over the 40 years since Harris

wrote his review, EBV has been associated with many

other tumours (Table 1). However, this review will

concentrate on endemic BL as described by Burkitt in

1962 [28].

Primary EBV infection is generally asymptomatic,

and following this the virus persists as a latent infection
of B-lymphocytes for life. Over 90% of the adult popu-

lation worldwide carry EBV, and in BL endemic areas

almost every child over the age of 2 years has evidence of
persistent infection [30]. Thus, it rapidly became ap-

parent that EBV infection alone is not sufficient to cause

BL, thereby establishing the concept of a multi-factorial

aetiology with EBV as one essential factor. Burkitt

demonstrated a geographical association between BL
and holoendemic malaria [28], and although his sug-

gestion of mosquito transmission proved false (the virus

is transmitted by salivary contact), the link with malaria

infection remains valid, albeit not fully explained.

Evidence for the tumorigenic nature of EBV comes

from its ability to cause B cell tumours on inoculation

into certain sub-human primates [31], and to immor-

talise B lymphocytes after in vitro infection yielding
lymphoblastoid cell lines (LCLs) [32]. Analysis of LCLs

has been invaluable in understanding the complex virus/

cell interactions that initiate and maintain B cell growth,

and once the EBV genome had been sequenced [33]

genes could be mapped and their transcription patterns

elucidated.

A unique set of latent viral genes is expressed in LCLs

that act in concert to drive B cell proliferation. Of prime
importance in this regard are two viral oncogenes, EB

viral nuclear antigen (EBNA)2 and latent membrane

protein (LMP)1. EBNA2 is a functional homologue of

Notch and transactivates the other latent viral genes and

cellular genes such as c-myc and c-fgr to induce B cell

proliferation and inhibit differentiation (for a review see

[34,35]). LMP1 acts as a constitutively active tumour

necrosis factor (TNF)-receptor family member inducing
B cell activation and proliferation via induction of NF-

kB (for a review see [34,35]).

Examination of BL cells shows a clonal, germinal

centre B cell phenotype [36] with every cell containing

multiple circular episomes of EBV DNA. The viral

DNA is also clonal [37] indicating that the infection

event occurs before expansion of the tumorigenic B cell

clone and thus implicating the virus in tumour initiation
and outgrowth. Analysis of EBV latent gene expression

in BL tumour cells reveals a very restricted pattern

compared with LCLs. The EBNA1 protein, which is

essential for maintenance of the viral genome [38], and

the EBV-encoded small RNAs (EBERs) are expressed in

the absence of EBNA2 and LMP1 [39]. No oncogenic

role has been identified for EBNA1 in BL, although

recent experimental data suggests that the EBERs can
enhance cell survival and proliferation [40]. The lack of

EBNA2 expression in BL, caused in a subset of tumours

by gene deletion [41], abrogates the transactivation of

cellular genes that are essential to induce cell prolifera-

tion in LCLs. However, this is compensated for by

constitutive expression of the c-myc oncogene found in

all BL tumours. The c-myc oncogene situated on chro-

mosome 8 induces cell proliferation and inhibits differ-
entiation. It has long been recognised that an 8:14

chromosomal translocation (or more rarely 8:2 or 8:22)

is invariably found in BL cells whether EBV-associated
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or not [42]. This translocation brings c-myc under the

control of the immunoglobulin heavy chain (on chro-

mosome 14) or light chain (on chromosomes 2 and 22)

genes and induces constitutive expression. Other genetic

abnormalities found in BL include p53 mutations that
are thought to occur late in tumour progression [43].

Thus, although the pathogenesis of BL has not yet been

fully elucidated, many steps in the tumorigenic process

have been identified.
6. Tumour antigens

Harris discusses tumour antigens in detail, distin-

guishing between complement-fixing and transplantation

antigens that he considers to be virus-specific, and non-

virion neo-antigens which were thought to be soluble

viral products, possibly enzymes. He pointed out that it

was relatively easy to search for viruses by staining tu-

mour tissue with sera from infected animals, but there

were difficulties in the interpretation of these results. This
was mainly due to the polyclonal nature of the antibodies

used prior to 1975 when monoclonal antibodies became

available and these problems were overcome by the ex-

quisite specificity of the new reagents [44].

Most cells in viral-induced tumours are not produc-

tively infected, but express a limited set of viral genes

that induce cell proliferation. The characterisation of

these viral antigens and the definition of the immune
response directed against them have proceeded hand in

hand, and, in many cases, we now have a clear picture of

the major antigenic determinants and immunodominant

epitopes.

It is now clear that most tumour viruses establish

persistent infections years before the malignancy arises,

and that this is mainly controlled by classical human

leucocyte antigen (HLA) class 1 restricted, CD8-positive
cytotoxic T cells (CTL). In healthy individuals, CTL

eliminate cells expressing viral antigens and prevent tu-

mour outgrowth. Thus, for a tumour to develop other

events, such as integration of the viral genome, must

occur. One such event is immunosuppression since in

those with congenital, acquired or iatrogenic immuno-

suppression, CTL activity is often defective and, con-

sequently, virus-associated tumours are much more
common than in the general population [45].

Recently, the idea of harnessing the immune response

to prevent or treat tumours has become a reality since

CTL can be cultured from the peripheral blood of virus-

infected individuals and induced to become specific for a

particular antigen by repeated rounds of antigenic

stimulation. This approach is particularly apt for virus-

associated tumours where the target antigens are ex-
pressed uniquely on tumour cells and their identity is

known. T cell immunotherapy has been pioneered for

EBV-associated post-transplant lymphoproliferative
disease (PTLD) (reviewed in [46]) that develops in up to

10% of transplant recipients as a result of the immu-

nosuppressive drugs required to prevent graft rejection

(reviewed in [47]). PTLD cells generally express all the

EBV latent viral genes, of which EBNA 3a,b,c are
known to be immunodominant. To date, autologous

CTL grown from bone marrow donors have been used

to prevent and treat PTLD in the bone marrow recipient

[48,49]. However, this procedure is expensive and time-

consuming as each CTL line has to be tailor-made for

each recipient. Furthermore, this approach cannot be

used for PTLD in solid organ transplant recipients

where the donor is either not available or not HLA
compatible. Another approach is to derive a frozen

bank of CTL from healthy donors covering all common

HLA types and use these on a best HLA match basis.

This has been used in a phase 1/2 clinical trial with en-

couraging results [50] and a larger randomised con-

trolled trial is now underway.
7. Identification of tumour-associated viruses through the

use of modern molecular techniques

Harris writes about the difficulties encountered in the

isolation of viruses from tumours and the subsequent

burden of proof required to show that the isolated virus

is the cause of the tumour rather than simply a passenger.

The advent of modern techniques in molecular biology
has enabled the isolation of human tumour viruses, as

well as speeding up epidemiological studies through the

use of polymerase chain reaction (PCR) screening.

7.1. Kaposi’s sarcoma-associated herpesvirus

Kaposi’s sarcoma (KS) was first described as ‘idio-

pathic multiple pigmented sarcomas of the skin’ by the
Hungarian dermatologist Moritz Kaposi in 1872 [51].

Strong epidemiological evidence accumulated since the

1980s suggested that KS was caused by an infectious

agent [52]; KS is 200 times more common in acquired

immunodeficiency syndrome (AIDS) patients than in

other immunosuppressed groups, and 10 times more

common in homosexual or bisexual men with AIDS than

in groups of HIV-infected individuals who have become
infected by non-sexual routes. KS is now recognised as

the leading neoplasm of AIDS patients, and epidemio-

logical evidence suggests that a sexually transmitted

factor other thanHIV plays a key role in its development.

In 1994, Chang and Moore [53] used the technique of

representational difference analysis (RDA) to isolate

unique DNA sequences present in more than 90 percent

of KS tissues obtained from patients with AIDS. When
sequenced, the DNA fragments were found to be ho-

mologous to, but distinct from, capsid and tegument

protein genes of the Gamma herpesvirinae, herpesvirus
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Saimiri and EBV. The newly identified KS-associated

herpesvirus (KSHV) has since been implicated in the

aetiology of all epidemiological forms of KS, i.e. Med-

iterranean classic, African endemic, post-transplant or

iatrogenic and AIDS-associated. KSHV sequences have
also been identified in several rare lymphomas such as

primary effusion lymphoma (PEL), also known as body

cavity-based large-cell lymphoma.

The technique used to identify KSHV (RDA) was

first described by Lisitsyn [54]. It is a procedure that

analyses the difference between two complex sets of ge-

nomes. By comparing DNA from diseased and normal

cells from a sample, the method can identify DNA se-
quences that differ between diseased and normal cells. In

addition, it can assess genetic changes that occur during

tumour development and detect deletions, rearrange-

ments, or extraneous viral DNA sequences. RDA en-

riches for unique DNA sequences from one of the

genomes by removing shared sequences and it uses PCR

to amplify those distinct regions.

7.2. Hepatitis C virus

As with HBV, chronic HCV infection is a major risk

factor for HCC (30% of United Kingdom (UK) HCC

patients). Time from HCV transmission to development

of cancer ranges from 10 to 50 years (median 30 years).

There is a strong association between chronic HCV in-

fection, cirrhosis and HCC.
Originally one source of non-A non-B hepatitis

(NANBH), HCV was first definitively identified by

molecular cloning of the virus genome in 1989 [55]. A

random-primed complementary DNA library was con-

structed from plasma containing the uncharacterised

NANBH agent and screened with serum from a patient

diagnosed with NANBH. A complementary DNA clone

was isolated that was shown to encode an antigen as-
sociated specifically with NANBH infections. The clone

was derived from an RNA molecule present in NANBH

infections with sequence homology with members of the

flaviviridae.

Since so little is known about the biology of HCV, it

is presently unclear how this RNA virus establishes a

persistent infection. However, it is known that there is a

very rapid turnover of plasma virus in patients, with
particle half-lives of 100–182 min. Recently, it has been

suggested that subversion of the humoral immune re-

sponse, specifically neutralising antibody production,

may allow HCV to persist. It appears that in most HCV-

infected patients, the development of antibody exerts

immune pressure that increases viral diversity and leads

to an increasingly complex population that can elude the

immune attack and result in viral persistence [56].
The HCV core protein has been shown to interact

with p53 and modulate p53-dependent promoter activ-

ities during HCV infection [57]. Together with the
damage caused to the liver by chronic HCV infection,

this may play a role in the survival of tumour cells

transformed by HCV.

8. The future

Despite the many discoveries and advances over the

last 40 years, there still remains several unanswered

questions regarding the viral aetiology of cancer.

Immunosuppression through infection with HIV or

iatrogenic means causes a marked increase in the inci-

dence of non-melanoma skin cancer and some virally-
induced cancers [58]. The discovery that many other

epithelial cancers, notably lung, colon, rectum, bladder

and prostate (but not breast), are also increased by im-

munosuppression suggests that unidentified viruses may

be important in these cancers as well [59].

The possibility that viruses related to the Mouse

mammary tumour virus (MMTV) can cause some breast

cancers has been investigated since at least 1970. The
evidence has been contradictory with some studies

finding up to 40% of breast cancer tissues containing

sequences that are 95% identical to MMTV [60]. This

virus has been termed HMTV (Human mammary tu-

mour virus). However, other studies have failed to find

any evidence for such a link [61].

While the role of different viruses in the aetiology of

human cancers varies widely and their scope as treat-
ment targets remains unclear, few would dispute that

more viruses will be found to be associated with cancers

in the coming years.
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