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Catching viral breast cancer
James S. Lawson* and Wendy K. Glenn

Abstract: We have considered viruses and their contribution to breast cancer.

Mouse mammary tumour virus: The prevalence of mouse mammary tumour virus (MMTV) is 15-fold higher in
human breast cancer than in normal and benign human breast tissue controls. Saliva is the most plausible means
of transmission. MMTV has been identified in dogs, cats, monkeys, mice and rats. The causal mechanisms include
insertional oncogenesis and mutations in the protective enzyme ABOBEC3B.

Human papilloma virus: The prevalence of high risk human papilloma viruses (HPV) is frequently six fold higher in
breast cancer than in normal and benign breast tissue controls. Women who develop HPV associated cervical
cancer are at higher than normal risk of developing HPV associated breast cancer. Koilocytes have been identified
in breast cancers which is an indication of HPV oncogenicity. The causal mechanisms of HPVs in breast cancer
appear to differ from cervical cancer. Sexual activity is the most common form of HPV transmission. HPVs are
probably transmitted from the cervix to the breast by circulating extra cellular vesicles.

Epstein Barr virus: The prevalence of Epstein Barr virus (EBV) is five fold higher in breast cancer than in normal
and benign breast tissue controls. EBV is mostly transmitted from person to person via saliva. EBV infection
predisposes breast epithelial cells to malignant transformation through activation of HER2/HER3 signalling cascades.
EBV EBNA genes contribute to tumour growth and metastasis and have the ability to affect the mesenchymal
transition of cells.

Bovine leukemia virus: Bovine leukemia virus (BLV) infects beef and dairy cattle and leads to various cancers. The
prevalence of BLV is double in human breast cancers compared to controls. Breast cancer is more prevalent in red
meat eating and cow’s milk consuming populations. BLV may be transmitted to humans from cattle by the
consumption of red meat and cow’s milk.

Conclusion: The evidence that MMTV, high risk HPVs and EBVs have causal roles in human breast cancer is
compelling. The evidence with respect to BLV is more limited but it is likely to also have a causal role in human
breast cancer.
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Background
The purpose of this review is to inform the scientific
and general community about the causal role of onco-
genic viruses in human breast cancer. The authors con-
ducted a review of these viruses and breast cancer in
2017 [1]. New evidence has confirmed the role of viruses
as the probable underlying cause of breast cancer. This
new evidence includes the identification of mouse mam-
mary tumour virus (MMTV) in sporadic breast cancers
but not in BRCA1 breast cancers [2]. This indicates that
MMTV is an external not genetic causal factor. MMTV
has been identified in the teeth of 4500 year old Mediter-
ranean skeletons [3]. This is an indication that MMTV
has been involved with humans for millenia. New case
control studies have confirmed that the prevalence of
human papilloma viruses (HPVs) in breast cancer is sig-
nificantly higher than in normal and benign breast tissue
controls [4, 5]. HPVs have been identified in circulating
vesicles [6]. This suggests a means of transmission of
HPVs from genital areas to the breasts. There is new evi-
dence that Epstein Barr viruses enhance the role of
HPVs in breast cancer including the invasive capacity of
breast cancer cells [7–9]. New case control studies have
confirmed the probable role of bovine leukemia virus
(BLV) in human breast cancer [10–12]. BLV has been
identified in human blood which suggests a means of in-
ternal transmission of this virus to breasts [13].
This new evidence confirms the probable causal roles of

mouse mammary tumour virus (MMTV), high risk hu-
man papilloma virus (HPVs), Epstein Barr virus (EBV)
and bovine leukemia virus (BLV) in human breast cancer.

Methods
Reviews of case control studies of viruses and breast can-
cer have been previously conducted. These include (i)
MMTV by Lawson & Glenn 2019 [14], (ii) HPVs by Ren
et al. (2019) [15], (iii) EBV Lawson et al. 2018 [1], (iv) BLV
by Buehring & Sans 2019 [16]. The details in these case
control studies have been included as Supplementary Ta-
bles. Reviews of case control studies do not consider the
range of additional evidence required to assess causality.
This additional evidence is considered in this review.
We have used an extended version of the classic A.

Bradford Hill causal criteria to assess the evidence con-
cerning the role of these oncogenic viruses [17]. The Hill
causal criteria include – identification of the causal patho-
gen, strength of association between the pathogen and the
cancer, consistency, temporality, specificity, biological gra-
dient, plausibility, coherence, experiment, and analogy
[17]. We have included additional criteria to consider
means of transmission and oncogenic mechanisms.
Statistics: The Chi-square non-parametric test was ap-

plied using the SPSS system.

Outcomes
Multiple oncogenic viruses in breast cancer
Multiple oncogenic viruses have been identified in breast
cancers in the same patients. Mouse mammary tumour
-like viruses, high risk human papilloma viruses, Epstein
Barr virus and bovine leukemia virus have each been
identified in the same breast cancers in the same patient
[18]. These same viruses have been identified in benign
breast tissues 1 to 11 years before the development of
same virus positive breast cancers in the same patients
[18, 19]. Cytomegaloviruses and other viruses have also
been identified in breast cancers but the evidence indi-
cating they may have a causal role is limited [20].
It is possible that there may be interaction between

HPVs and Epstein Barr viruses leading to breast cancer
[7]. There is limited experimental evidence that HPVs
can influence the oncogenicity of EBVs [21].
The complexity of the interaction between oncogenic

viruses in breast and other cancers is illustrated by the
experimental evidence that HPVs can adversely influ-
ence the anti-viral enzyme Apolipoprotein B Editing
Enzyme (APOBEC3B) which in turn can increase the
risk of MMTV associated breast cancer [22–24]. EBV
has also been shown to adversely affect APOBEC3B [25].
Both HPVs and EBVs have been found to co- present

in 40% of blood donors from the Middle East suggesting
a possible route to the breast for both viruses [9].

Mouse mammary tumour virus
History
The development of the evidence that MMTV has a
likely role in human breast cancer has been extraordin-
arily difficult and has taken over 80 years of intense work
by hundreds of scientists.
The story began when John Bittner, a scientist working

at the Jackson laboratories in the United States during the
1930 economic depression years, identified what he called
a “milk factor” in mouse mothers with breast cancer
which was transmitted via mouse milk to mouse pups.
When these mouse pups grew to adulthood they devel-
oped breast cancer. It was not until after the second world
war years that this “milk factor” was identified as a cancer
causing virus which became known as mouse mammary
tumour virus. In 1972 Axel et al. demonstrated for the
first time that MMTV was present in human breast can-
cers but not in normal and benign breast tissues. It was
obvious this virus may also cause breast cancer in humans
but it was impossible to develop scientific proof despite
enormous research efforts during the President Richard
Nixon 1970’s “War on cancer”.
A breakthrough in technology was required and in

1983 Kary Mullis of California developed polymerase
chain reaction technology (PCR). In 1995 Beatriz Pogo
and her colleagues, working in New York, were able to

Lawson and Glenn Infectious Agents and Cancer           (2021) 16:37 Page 2 of 11



use PCR technology to demonstrate that MMTV or a
virus almost identical to MMTV, was present in many
human breast cancers but rarely in normal human breast
tissues. Similar observations were soon made in other
countries including Australia. This was strong evidence
that MMTV may have a role in human breast cancer.
Further advances were made. Working in Vienna,

Stanislav Indik and colleagues showed that MMTV
could infect human breast cells [26]. MMTV was identi-
fied in human milk in normal lactating Australian
women [27]. Nartey et al. demonstrated that MMTV
was more common in human milk from US women with
breast cancer [28]. Mazzanti et al. of Pisa, Italy, showed
that MMTV was frequently present in the saliva of
women with breast cancer [29]. Lawson and Glenn dem-
onstrated that MMTV, HPV, EBV and BLV were present
in normal and benign breast tissues before the develop-
ment 1 to 11 years later of same virus positive breast
cancer in the same women [18]. This is an important
causal criteria. Finally the Bevilacqua group in Pisa dem-
onstrated that MMTV was present in 30% of sporadic
breast cancers as compared to 4% of hereditary breast
cancers (thereby creating a natural control series of breast
cancers) which is an indication that MMTV has a prob-
able causal role [2]. MMTV gene sequences in dental ma-
terial from citizens of the copper age some 4500 years ago,
have been identified by the Bevilacqua group in Pisa [3].

Identification and strength of association between MMTV
and human breast cancer
MMTV structure
MMTV is a retrovirus with a 8 kbase genome core sur-
rounded by a capsid which is bound to the outside enve-
lope by a matrix protein. The genome encodes 7 genes,
one of which – Sag, is involved in mammary infection
and subsequent tumorigenesis.

Identification
MMTV-like gene sequences have been repeatedly identi-
fied in breast cancers by hybridisation techniques, stand-
ard liquid PCR, in situ PCR, microdissected PCR and
whole genome sequencing. The use of different tech-
niques for the identification of MMTV in human breast
cancer is important as this overcomes concern about
contamination and false positive outcomes. Concern
about contamination by rodent sourced MMTV has
been overcome by the absence of mouse mitochondrial
DNA sequences in breast cancer specimens. The MMTV
gene sequence identified in human breast cancers is 95
to 99% homologous with MMTV identified in mouse
mammary tumours [30].
The identification of MMTV-like gene sequences in

human breast cancer varies between 6 to 78% with the
most common prevalence approximately 40% compared

to negligible identification of MMTV in normal and be-
nign human breast tissues.
The first case control study of MMTV and human

breast cancer was by Axel et al. in 1972.
[31]. Using molecular hybridisation techniques they

identified MMTV in 18 (62%) of 29 breast cancers but
could not identify MMTV in 13 normal and benign
breast tissues.
Based on 22 case control studies as listed in Supple-

mentary Table 1, the prevalence of MMTV was 750
(27.6%) of 2715 in human breast cancers as compared to
131 (7.8%) of 1671 in normal and benign breast tissue
controls (p = 0.001).

Consistency
MMTV-like gene sequences have been identified in hu-
man breast cancer in a wide range of Western and Asian
countries [1]. The positive identification of MMTV in
breast cancer is consistently higher in Western than
Asian countries – 40% compared to 8.5%.
MMTV antibodies in the serum of women with breast

cancer is 5 fold higher than normal controls [1]. Women
exposed to MMTV in laboratories have been shown to
develop a serological response [32].

Specificity
MMTV is not specific for human breast cancer. MMTV
has been identified in many human cancers [33].

Temporality (does the causal agent precede a specific
disease)
MMTV has been identified in normal and benign hu-
man breast tissues 1 to 11 years before the develop-
ment of MMTV positive breast cancer in the same
women [18, 34].

Biological gradient
The MMTV viral load increases as breast cancer pro-
gresses but falls in late stage cancer. The fall in viral
load appears to be due to the breakdown of cell
physiology [35, 36].

Plausibility (oncogenic capacity of the infectious agent)
MMTV is the proven cause of mammary cancers in feral
mice. MMTV has also been identified in mammary tu-
mours of dogs and cats [37].

Experimental evidence
MMTV can infect human breast cells and randomly in-
tegrates into the human genome [38]. This indicates the
possibility of an infectious transmission of MMTV in
humans.
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Transformation
In 2005 Katz et al. found proteins expressed by the
MMTV envelope gene were capable of malignantly
transforming normal human breast epithelial cells and
in 2012, Feldman et al. found the MMTV envelope pro-
tein p14 may play a role in altering the oncogenic poten-
tial of MMTV-infected cells [39, 40].

Transmission
Transmission of MMTV in humans may be by saliva,
human milk, dogs and contaminated food cereals.
MMTV gene sequences have been identified in human

saliva [29]. MMTV sequences are present in 27% of nor-
mal children, 11% of normal adults and 57% of women
with breast cancer [29]. A mother, father and daughter
living together all developed MMTV positive breast
cancer [41]. These observations suggest that saliva is
probably the main means of transmission of MMTV.
MMTV has been identified in human milk [27, 28].

The presence of MMTV in human milk is associated
with a higher than normal risk of breast cancer.
As MMTV has been identified in dogs it is possible

that MMTV is transmitted via dog saliva [42].
Transmission is also possible via mouse and rat faecal

material. In many countries up to 1% in weight of ce-
reals may legally consist of rodent faecal material [43].

Oncogenic mechanisms
Insertional oncogenesis. In experimental mice infected by
MMTV the virus is inserted into the mouse genome. In
response proto-oncogenes such as Wnt are activated and
later lead to mammary cancers [44]. In MMTV positive
human breast cancers Wnt-1 expression is high [45].
MMTV insertion sites and associated gene mutations have
been identified in many human breast cancers [46]. These
observations suggest that the causal role of MMTV in hu-
man breast cancer may be the same as its role in mice.
Viruses and APOBEC enzymes. Recent studies have

demonstrated that MMTV is more complicated than in-
sertional oncogenesis (as in mice) than previously
thought. Of particular interest is the battle between retro-
viruses such as MMTV and APOBEC3 genes [47]. The
APOBEC3 family of genes and proteins in mammals are
protective against retroviruses. Other viruses including
human immunodeficiency virus (HIV the cause of AIDS),
encode viral proteins to overcome the antiviral effects of
the APOBEC3 proteins of their hosts. Recent studies have
revealed that the acquisition of an anti-APOBEC3 ability
by lentiviruses is a key step in achieving successful cross-
species transmission. This is relevant to the possible
mouse to human transmission of MMTV. Such transmis-
sion may have originally happened many millenia ago [3].
While human papilloma viruses are not lentiviruses, there
is evidence that they can damage APOBEC3B and thereby

reduce its antiviral protective effects [22, 23]. Abnormal
expression of APOBEC3 has been shown to be induced
by DNA viruses such as human papilloma virus, specific-
ally in breast cancer [22, 24].
MMTV oncogenic proteins. An additional mechanism

is the influence of MMTV envelope proteins which can
transform normal human breast cells [39]. The precise
mechanism is not known.

Conclusions
The evidence meets the extended Hill causal criteria. A
causal role for MMTV-like viruses in human breast can-
cer is probable.

Human papilloma viruses (HPVs)
History
Infectious genital warts have been associated with sexual
activity since the ancient Greek and Roman eras. In 1842
surgeon Domenico Rigoni-Stern of Padua, suggested that
cervical cancer was a sexually transmitted disease because
it was more common in married women and prostitutes
than virginal women. It was more than one hundred years
later that human papilloma viruses emerged as a chief sus-
pect. The key scientific detective was Harald zur Hausen
of Germany who in 1976 hypothesised that HPVs may
have a role in cervical cancer.
Confirmation of the oncogenic capacity of HPVs in cer-

vical cancer stimulated interest in the possible role of
HPVs in other cancers. In 1990 the first tentative steps
were by Vilma Band and colleagues who found that HPVs
could immortalize normal human breast cells. In the same
year Lutz Kowalzick and colleagues identified HPVs in hu-
man nipple papillomas Working in Rome, Anna Di
Lonardo and colleagues made the first identification of
high risk for cancer HPV in breast cancer tumours. They
identified HPV type 16 in 29% of a series of breast cancers
and metastatic lymph nodes. Their findings were later
confirmed in 25 case control studies all of which demon-
strated that the prevalence of high risk HPVs was consist-
ently higher in breast cancer than in normal and benign
breast controls. The prevalence of high risk HPVs in
breast cancer has varied from zero to 74%. The HPV viral
load in breast cancer tissues is extremely low as compared
to cervical cancer and is therefore difficult to detect. This
is the probable reason for the negative and variable out-
comes of some studies. This was an indication that the
role of HPVs in breast cancer is probably different.

Identification of human papilloma viruses in breast
cancer
HPV structure
HPV DNA (about 8 kilo base pairs) is circular, double
stranded and is surrounded by a protein capsid coat. A
persistent infection, (one that is not cleared by the

Lawson and Glenn Infectious Agents and Cancer           (2021) 16:37 Page 4 of 11



immune system) of high risk HPVs, can increase the risk
of cancer by using oncogenes E6 and E7 which inactivate
p53 and pRB.
Since the first identification of HPVs in breast cancers,

high risk for cancer HPVs have been identified in breast
cancer in many countries [15]. HPV identification in
breast cancer tissues has been found in the following
countries: Australia, Brazil, China, Egypt, Greece, India,
Italy, Iran, Iraq, Japan, Korea, Morocco, Mexico, Spain,
Turkey, United Kingdom, United States of America, and
Venezuela.
This identification has been by several different

methods including standard polymerase chain reaction
technology (PCR), in situ PCR, in situ hybridisation, im-
munohistochemistry and massive parallel sequencing
[48]. The prevalence of high risk HPVs in breast cancers
substantially varies between studies [15]. High risk for
cancer HPV type 16 and 18 dominate in Western
women [15]. In addition to HPV types 16 and 18, HPV
types 33, 52 and 58 are common in Chinese, Korean,
Japanese and Qatari women [15]. These HPV types need
qualification. This is because in some studies the PCR
primers were specific for particular HPV types and not a
review of all HPV types that may have been present in
cancer samples. In the studies in which high risk HPVs
were identified no correlations have been demonstrated
between breast cancer grade, survival, or steroid receptor
expression.
The reason for the variations in outcomes is probably

due to the technical difficulty of identifying the extremely
low HPV viral loads in breast cancer as compared to cer-
vical cancer. In 2008, Khan et al. demonstrated by quanti-
tative PCR that the average viral load of HPV 16 in breast
cancers was 5.4 HPV copies per 104 cancer cells as com-
pared to 130,480 in cervical cancer [49].

Strength and consistency of association between
HPVs and breast cancer Ren et al. have conducted a
recent meta-analysis of these same studies which in-
cluded 3607 breast cancer cases and 1728 normal and
benign breast controls [15]. The odds ratio was 6.2 (p =
0.002) for HPV positive breast cancer cases compared to
HPV positive controls.
Based on 40 case control studies as listed in Supple-

mentary Table 2, the prevalence of high risk HPVs was
1194 (30.1%) of 3970 breast cancers as compared to 150
(8.4%) of 1796 normal and benign breast tissue controls
(p = 0.001).
The finding that different methods of identification of

HPVs give similar outcomes – namely that the preva-
lence of HPVs is significantly higher in breast cancer
compared to controls, adds to the strength of the evi-
dence that HPVs have a role in breast cancer.

Epidemiology
Women who develop HPV associated cervical cancer
are at higher than normal risk of developing HPV as-
sociated breast cancer [50]. These women are on
average 10 years younger at the age of developing
breast cancer than other women who develop breast
cancer. As younger women are usually more sexually
active than older women and are therefore at great
risk of sexually transmitted HPV infections, this ob-
servation is compatible with a role for HPVs in breast
cancer.

HPV transformation and oncogenic mechanisms
High-risk HPVs encode proteins, several of which have
an oncogenic capacity. HPV proteins are classified as
early (E1–E7) or late (L1 and L2). The expression of
HPV E6 and E7 proteins lead to malignant changes in
normal epithelial cells. HPV E6 proteins degrade p53 (a
cancer suppressing gene). HPV E7 enhances viral repli-
cation and malignant transformation from normal cells
to cancer cells by upregulating Cox-2 which increases
inflammation [51]. HPV E5 and E6 act early in trans-
formation and lead to the appearance of koilocytes [52].
Koilocytes are large squamous cells with acentric nuclei
surrounded by a halo. The appearance of koilocytes is
used by pathologists to indicate early signs of adverse
HPV infections of the cervix. Koilocytes have been iden-
tified in breast cancers [53].
While several of these HPV oncogenic mechanisms in

cervical cancer appear to be involved in breast cancer,
additional mechanisms are involved. The details of these
additional mechanisms are far from clear and probably
involve the antiviral enzyme Apolipoprotein B Enzyme
Catalytic 3B (APOBEC3B). HPV infections upregulate
and lead to mutations in APOBEC3B [23]. APOBEC3B
mutations increase the risk of breast cancer [24].
There is experimental evidence that exposure to HPV

E6 and E7 proteins can transform and immortalise nor-
mal human breast epithelial cells [54–58]. However as
discussed below, it is unlikely that this is the major
oncogenic mechanism with respect to HPVs and breast
cancer. The main mechanisms are probably both com-
plex and indirect.
HPVs interact with BRCA (BReast CAncer) genes

and can lead to mutations which may cause breast
cancer [59].
APOBEC3B helps to protect against the harmful ef-

fect of viruses [22]. After viral DNA integration, mu-
tations in APOBEC3B can lead to host genome
instability and then to breast cancer progression [24].
HPV infections can adversely influence additional
members of the APOBEC family (APOBEC3 – A, C,
D, E, F, G and H) [25, 60].
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HPV type 16 E6 degradation of p53 increases TEAD4
(Transcriptional enhancer factor) levels which can lead
to an upregulation of APOBEC3B [61].
HPV16 E7 increases COX-2 expression and promotes

the proliferation of breast cancer (COX-2 is an enzyme
that increases inflammation) [51].
There are interactions between HPV type 16 oncopro-

teins and HER 2 (human epidermal growth factor recep-
tor 2 –which promotes the growth of cancer cells) [62].
HPVs and HER2 interact with the E-(epithelial) cad-

herin complex which is down regulated in cancers [63].
E- cadherins keep cells together.
HPV oncoproteins interact with Epstein Barr virus en-

hance invasion by breast cancer cells [9].

Specificity
HPVs are not specific. Human papilloma viruses are ubi-
quitous and can infect epithelial and other cell types and
lead to many different types of cancer. It is well docu-
mented that high risk HPVs are causal in cervical can-
cer, other ano-genital cancers and head and neck
cancers.

Temporality HPV infection and subsequent breast cancer
time sequence
High risk HPVs of the same type have been identified in
benign breast tissues 1 to 11 years before the develop-
ment of HPV positive breast cancers in the same women
[48]. This is an important causal criteria.

Transmission
Sexual intercourse is regarded as the primary route of
human papillomavirus (HPV) transmission. However,
HPVs are stable viruses which can stay on tissue and
other surfaces for many days and can probably be trans-
mitted in several different ways. There is evidence which
indicates HPVs can be transmitted by non- sexual means
from mother to child, fomites (an inanimate object such
as a spatula or spoon, that can transfer pathogens to a
new host), from health care workers to patients and in
an unknown manner to adolescent girls with no sexual
experience [64]. There is also evidence that HPVs may
be transmitted via saliva and blood [65]. High risk HPVs
has been found in (51%) of blood samples from healthy
donors [8].
Of much interest is the transmission of HPVs from

the place of entry into the body to breast tissues.
HPVs are probably transmitted from the cervix to the
breast by circulating extra cellular vesicles – also
known as exosomes [6, 66]. Extracellular vesicles are
extremely small particles (30–100 nm in diameter)
which can be expressed or released from cells and
biological fluids and can contain proteins and viral
nucleic acids. Importantly they can transmit HPV

viral nucleic acids from cell to cell [65]. Serum de-
rived extra-cellular vesicles contain HPV DNA which
can be transported to breast cells [6].

Conclusion
Although the underlying mechanisms for a role of HPVs
in breast cancer are not clear, the evidence meets all the
extended Hill causal criteria.

Epstein Barr virus (EBV)
History
In 1957 surgeon Dennis Burkitt, was working in
Kampala, the central African capital of Uganda. His at-
tention was drawn to children suffering from horren-
dous swelling of the face and neck. These children soon
died. Following extensive investigations Burkitt and his
colleagues identified the disease as acute malignant
lymphomas. At a London lecture by Burkitt, Anthony
Epstein learned of these experiences and arranged for
Burkitt to send him lymphoma specimens. In collabor-
ation with Bert Achong and Yvonne Barr, Epstein identi-
fied viral particles in these specimens. These virus
particles were later identified as human herpes virus 4
now well known as the cause of infectious mononucle-
osis and malignant lymphomas. Burkitt’s lymphoma – as
the cancer became known, was also linked to malaria.
Chronic malaria leads to depression of the immune sys-
tem. This was an explanation for the geographic location
of Burkitt’s lymphoma in Uganda which was confined to
the hot, humid, malarial, mosquito ridden areas.
This pioneering work was of universal value because it

was the first demonstration that viruses could cause can-
cer in humans.

Identification of EBV in human breast tissues
EBV structure
Epstein-Barr virus has linear double stranded DNA (ap-
proximately 172 kilobase pairs) inside a capsid which is
surrounded by a protein rich tegument, which in turn is
enveloped by a protein coat. An outer membrane enve-
lope contains glycoproteins which induce viral entry into
B-lymphocytes as well as epithelial cells where the virus
can remain dormant as a latent infection.
EBV Type 1 is found worldwide. EBV type 2 is also

found in Africa and China. (EBV Type 1 differs from
Type 2 in the sequence of EBNA genes). EBV type 1 is
more dominant in some cancers including leukemia) [67].
Epstein–Barr viruses are the cause of lymphomas and

are associated with additional cancers including naso-
pharyngeal and gastric cancer. Working in London, in
1995, Louise Labreque and colleagues made the first
identification of EBV in breast cancers. Various EBV
genes have since been repeatedly identified in breast
cancer in a wide range of countries. The methods used
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for the identification of EBVs include standard PCR, in
situ PCR with microdissection of the cancer cells, in situ
hybridisation and immunohistochemistry (Supplemen-
tary Table 3). The use of these various methods offers
conclusive evidence of the identification of EBV in breast
cancer.

Strength and consistency of association between
EBVs and breast cancer EBV positive lymphocytes
commonly infiltrate breast cancers. Studies which do not
identify breast cancer cells separately from infiltrating
lymphocytes are not valid. Therefore a careful assess-
ment of each study is required before inclusion in meta-
analyses. In a recent meta-analysis of 16 case control
studies by Jin et al. 2020 the odds ratio of EBV positive
breast cancer compared to normal and benign breast
controls was 4.75 (p = 0.01) [68] [Jin 2020 70].
Epstein Barr virus. Based on 24 case control studies as

listed in Supplementary Table 3, the prevalence of Ep-
stein Barr virus was 731 (30.4%) of 2402 breast cancers
as compared to 52 (7.5%) of 1044 normal and benign
breast tissue controls (p = 0.001).
The evidence is consistent that EBVs are significantly

more prevalent in breast cancers than controls.
Temporality: EBV infection and subsequent breast

cancer time sequence.
Epstein–Barr virus gene sequences have been identi-

fied in benign breast tissues 1 to 11 years prior to the de-
velopment of EBV-positive breast cancer [18]. The prior
benign and later breast cancer specimens were from the
same individual patients.

Epidemiology
In economically developed countries EBV associated in-
fectious mononucleosis occurs most commonly among
teenagers. This is in contrast to developing countries
where EBV infections mainly occur in early childhood.
EBV infections in teenagers and young adults is associ-
ated with Hodgkins lymphomas. There is a strong cor-
relation between EBV associated Hodgkins lymphoma
and breast cancer [69].

Transmission
Epstein–Barr virus is mostly transmitted from person to
person via saliva [70]. Infection is almost universal in all
populations but occurs at a later age among Western
people when compared with economically developing
communities.
EBV has been found in (61%) blood samples from

healthy donors, which might explain transmission
through the body [8].

Oncogenic mechanisms
Epstein–Barr virus infection predisposes breast epithelial
cells to malignant transformation through activation of
HER2/HER3 signalling cascades [70]. HER2 and HER3 are
two of the cellular oncogenes known to be involved in hu-
man breast cancer development and are associated with a
relatively poor prognosis.
Several mechanisms have been brought forward for

oncogenicity by EBV genes. It is not known if they act
separately or in co-operation, but it has been proposed
that after infection and malignant transformation EBV
presence is not required [71].

1. HER2/HER3, BARF0

Epstein–Barr virus encoded BARF0 infection predis-
poses breast epithelial cells to malignant transformation
through activation of HER2/HER3 signaling cascades
[71]. These HER genes are activated by BARF0 [72].

2. APOBEC 3B

EBV infections can lead to APOBEC3 genome instabil-
ity which inhibits its protective effects against other vi-
ruses [25].

3. 2.EBV EBNA GENES

EBV EBNA genes contribute to tumour growth and
metastasis and have the ability to affect the mesenchy-
mal transition of cells. Epithelial mesenchymal transition
is associated with malignant progression of cells and is
associated with cancer metastasis [73–75].

4. EBV EBNA-1 has also been associated with BRCA-
1 gene defects which in turn is associated with
breast cancer [76].

5. EBV latent membrane proteins (LMP1, LMP2)
contribute co-operatively to cancer progression [77, 78].

Conclusion
The evidence for a role of EBV in breast cancer meets
the extended Hill causal criteria.

Bovine leukemia virus (BLV)
History
A lymphoma type disease was first recognised in cattle
as early as 1871. However it was not until 1969, when
Janice Miller and Kenneth Gillette of the US identified
virus like particles in cattle lymphosarcoma, which is the
underlying cause of what became known as bovine
leukemia virus. There was obvious concern that this
virus could also cause cancer in humans. Unfortunately,
in the same year, 1969, the US National Animal
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Monitoring System declared “BLV is not transmissible
to humans and no human disease has ever been attrib-
uted to BLV” [79]. Fortunately due to the development
of sensitive western blotting techniques Gertrude Buehr-
ing and her colleagues at the University of California at
Berkeley were able to identify BLV antibodies in human
blood serum [80].

Identification of BLVs in human breast cancer
BLV structure
Bovine leukemia virus is an oncogenic retrovirus capable
of integrating into a host’s DNA causing a lifetime infec-
tion. The RNA is enclosed within a capsid, which in turn
is surrounded with a transmembrane with glycoproteins
attached. The genome (8.7 kilobases) contains normal
retroviral genes as well as a regulatory region encoding
Tax and Rex which are capable of affecting host DNA
repair and growth control.
In 2014 Buehring and her colleagues, using PCR and

immunohistochemistry identified BLV in human breast
cancers in US women [81]. They identified BLV in 44%
of breast cancers. BLV has since been identified in breast
cancers in women from Argentina, Columbia and Brazil.
BLV has been detected in 38% of leukocytes in blood
from women without breast cancer [13].
BLV was not identified in breast cancers in Euro-

pean and Chinese women [82, 83]. However Gillet
et al. used massive parallel sequencing to seek to
identify BLV. This technology has been shown to not
necessarily identify low viral loads or viruses that
have not integrated into the cancer genome. Zhang
et al. used techniques designed for use in cattle not
humans and there is doubt about the validity of the
outcomes [83].

Strength and consistency of association between BLVs and
human breast cancer
The identification of BLV virus in breast cancer has been
confirmed. Based on 8 case control studies the preva-
lence of BLV was 287 (43.4%) of 662 breast cancers
compared to 131 (24.0%) of 545 normal and benign
breast controls (p = 0.001). With two exceptions the
prevalence of BLV is significantly higher in breast can-
cers as compared to normal controls (Supplementary
Table 4).
Of special interest is a recent study of BLV in human

breast cancers in south eastern Brazil, where the people
traditionally ingest raw (unpasteurized) milk and cheese.
The prevalence of BLV in the dairy cattle present in
more than 90% of the animals. BLV was identified in
96% of human breast cancers as compared to 59% of
normal breast controls [12].

Epidemiology, transmission
BLV infects cattle in the Americas, some parts of Europe
and Asia plus the Middle East. In cattle BLV is mainly
located in lymphocytes and mammary epithelial cells
which can exfoliate into milk. Women with lactose in-
tolerance are at decreased risk of breast cancer [84].
Breast cancer is more prevalent in red meat eating and
cow’s milk consuming populations [85]. Accordingly it
can be postulated that BLV can be transmitted to
humans from cattle by the consumption of red meat and
cow’s milk.
BLV has also been found in human female blood sam-

ples. The implication is not known but could indicate a
means of internal BLV transmission [10, 13].
Temporality: BLV infection and subsequent breast

cancer time sequence.
In a study of Australian women with breast cancer

BLV was already present in benign breast tissue years 3–
10 years before BLV positive malignancy was diagnosed
[19]. This observation is consistent with the causal cri-
teria of a prior infection before the development of same
pathogen related cancer.

Conclusion
It is likely that BLV has a causal role in some human
breast cancers but additional evidence is required before
any conclusions can be made.

Discussion
The evidence that mouse mammary tumour virus, hu-
man papilloma viruses and Epstein Bar virus may be
singly or jointly involved in breast oncogenesis is com-
pelling. The prevalence of each of these oncoviruses is
significantly and consistently higher in breast cancer
than in normal and benign breast controls. In addition
the evidence is sound that each of these viruses meets
the Hill evidentiary causal criteria which includes –
identification of the causal pathogen, strength of associ-
ation between the pathogen and the cancer, consistency,
temporality, specificity, biological gradient, plausibility,
coherence, and analogy. The underlying causal mecha-
nisms are not clear.
There is also sound evidence that multiple onco-

genic viruses can be present in breast cancers in the
same patients [1]. While each of these viruses are
oncogenic and can cause cancer when acting alone,
there is evidence that there is probable interaction be-
tween several of these viruses, in particular human
papilloma viruses and Epstein Barr virus [7–9]. There
is also evidence that human papilloma viruses can ad-
versely influence the viral protective enzymes of the
ABOBEC family which can increase the risk of viral
associated breast cancers such as mouse mammary
tumour virus [22–24].
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The evidence for a role of bovine leukemia virus in
breast cancer is more limited but probable.

Prevention
Mouse mammary tumour virus: studies conducted sev-
eral decades ago on experimental mice indicate the pos-
sibility of developing preventive vaccines [86]. More
recently Braitbard et al. working in Israel have shown
the possibility of MMTV derived proteins used to pre-
vent and treat MMTV breast infections [87].
There are safe and effective vaccines available for the

control of HPV infections [88].
It has not been possible to develop vaccines for the

control of Epstein-Barr infections.
Although the evidence for a causal role for bovine

leukemia virus is not conclusive, it is prudent to en-
courage preventive measures. These include the
avoidance of uncooked meat and unpasteurised milk.
A much more difficult measure is the culling of in-
fected cattle. This has been achieved for commercial
motives in Australia and parts of Europe but not in
the Americas or Asia.

Conclusion
Each of these four viruses has established oncogenic po-
tential. The evidence that MMTV, high risk HPVs and
EBVs have causal roles in human breast cancer is com-
pelling. The evidence with respect to BLV is more lim-
ited but it is likely to also have a causal role in human
breast cancer.

Abbreviations
MMTV: Mouse mammary tumour virus; HPV: Human papilloma virus;
EBV: Epstein Barr virus; BL: Bovine leukemia virus; PCR: Polymerase chain
reaction; APOBEC: Apolipoprotein B deaminase enzymes; HER : Human
epidermal growth factor receptor proteins; SPSS : Statistical package for
social sciences; HPV E6/E7: Human papilloma virus early and late
oncoproteins; pRB: Retinoblastoma protein

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13027-021-00366-3.

Additional file 1: Table S1. Identification of MMTV sequences in breast
cancer (Case control studies). DCIS – ductal carcinoma in situ; IDC –
invasive ductal carcinoma; ns = not significant at 0.05 level. Table S2.
identification of high risk for cancer human papilloma virus in breast
cancers and controls (case control studies). The prevalence of high risk
HPV is consistently higher in all studies of breast cancers as compared to
controls. The difference is statistically significant for 22 of 25 studies. ns =
not significant at 0.05 level. Table S3. Case control studies Epstein Barr
virus and breast cancer. PCR = polymerase chain reaction, IHC =
immunohistochemistry, ISH = in situ hybridisation, ns = not significant at
0.05 level. Table S4. Identification of Bovine leukemia virus in human
breast cancer. ns = not significant at 0.05 level.

Authors’ contributions
JL and WG collaborated in developing the concepts, reviewing the
published literature, collecting the data and writing the manuscripts. The
authors read and approved the final manuscript.

Author’s information
James Lawson is an Emeritus Professor in Public Health and Wendy Glenn is
a molecular biologist at the University of New South Wales, Sydney, Australia.
They have been investigating the viral causes of breast cancer for the past
20 years.

Funding
There was no funding for this project.

Availability of data and materials
All data is available from the authors.

Declarations

Ethics approval and consent to participate
Ethics approval is not applicable. However all our work is covered by the
University of New South Wales Ethics Committee number HC 11421.

Consent for publication
Not applicable..

Competing interests
The authors have no competing financial or other competing interests.

Received: 14 January 2021 Accepted: 8 April 2021

References
1. Lawson JS, Salmons B, Glenn WK. Oncogenic viruses and breast Cancer:

mouse mammary tumor virus (MMTV), bovine leukemia virus (BLV), human
papilloma virus (HPV), and Epstein-Barr virus (EBV). Front Oncol. 2018;8:1.
https://doi.org/10.3389/fonc.2018.00001

2. Naccarato AG, Lessi F, Zavaglia K, Scatena C, Al Hamad MA, Aretini P, et al.
Mouse mammary tumor virus (MMTV) - like exogenous sequences are
associated with sporadic but not hereditary human breast carcinoma. Aging
(Albany NY). 2019;11:7236–41.

3. Lessi F, Grandi N, Mazzanti CM, Civita P, Scatena C, Aretini P, et al. A human
MMTV-like betaretrovirus linked to breast cancer has been present in
humans at least since the copper age. Aging (Albany NY). 2020;12(16):
15978–94. https://doi.org/10.18632/aging.103780.

4. Mofrad MG, Sadigh ZA, Ainechi S, Faghihloo E. Detection of human
papillomavirus genotypes, herpes simplex, varicella zoster and
cytomegalovirus in breast cancer patients. Virol J. 2021;18(1):25. https://doi.
org/10.1186/s12985-021-01498-z.

5. El-Sheik N, Mousa NO, Tawfeik AM, Saleh AM, Elshikh I, Deyab M, et al.
Assessment of Human Papillomavirus Infection and Risk Factors in Egyptian
Women With Breast Cancer. Breast Cancer (Auckl). 2021;15:
1178223421996279.

6. De Carolis S, Storci G, Ceccarelli C, Savini C, Gallucci L, Sansone P, et al. HPV
DNA associates with breast cancer malignancy and it is transferred to breast
cancer stromal cells by extracellular vesicles. Front Oncol. 2019;9:860.
https://doi.org/10.3389/fonc.2019.00860.

7. Cyprian FS, Al-Farsi HF, Vranic S, Akhtar S, Al Moustafa AE. Epstein-Barr virus
and human papillomaviruses interactions and their roles in the initiation of
epithelial-Mesenchymal transition and Cancer progression. Front Oncol.
2018;8:111. https://doi.org/10.3389/fonc.2018.00111.

8. Gupta I, Jabeen A, Vranic S, Al Moustafa AE, Al-Thawadi H. Oncoproteins of
high-risk HPV and EBV cooperate to enhance cell motility and invasion of
human breast Cancer cells via Erk1/Erk2 and β-catenin signaling pathways.
Front Oncol. 2021;11:630408. https://doi.org/10.3389/fonc.2021.630408.

9. Gupta I, Jabeen A, Al-Sarraf R, Farghaly H, Vranic S, Sultan AA, et al. The co-
presence of high-risk human papillomaviruses and Epstein-Barr virus is
linked with tumor grade and stage in Qatari women with breast cancer.
Hum Vaccin Immunother. 2021;17(4):982–9. https://doi.org/10.1080/2164551
5.2020.1802977.

10. Khalilian M, Hosseini SM, Madadgar O. Bovine leukemia virus detected in
the breast tissue and blood of Iranian women. Microb Pathog. 2019;135:
103566. https://doi.org/10.1016/j.micpath.2019.103566.

11. Schwingel D, Andreolla AP, Erpen LMS, Frandoloso R, Kreutz LC. Bovine
leukemia virus DNA associated with breast cancer in women from South
Brazil. Sci Rep. 2019;9(1):2949. https://doi.org/10.1038/s41598-019-39834-7.

Lawson and Glenn Infectious Agents and Cancer           (2021) 16:37 Page 9 of 11

https://doi.org/10.1186/s13027-021-00366-3
https://doi.org/10.1186/s13027-021-00366-3
https://doi.org/10.3389/fonc.2018.00001
https://doi.org/10.18632/aging.103780
https://doi.org/10.1186/s12985-021-01498-z
https://doi.org/10.1186/s12985-021-01498-z
https://doi.org/10.3389/fonc.2019.00860
https://doi.org/10.3389/fonc.2018.00111
https://doi.org/10.3389/fonc.2021.630408
https://doi.org/10.1080/21645515.2020.1802977
https://doi.org/10.1080/21645515.2020.1802977
https://doi.org/10.1016/j.micpath.2019.103566
https://doi.org/10.1038/s41598-019-39834-7


12. Delarmelina E, Buzelin MA, Souza BS, Souto FM, Bicalho JM, Câmara RJF,
et al. High positivity values for bovine leukemia virus in human breast
cancer cases from Minas Gerais. Brazil PLoS One. 2020;15(10):e0239745.
https://doi.org/10.1371/journal.pone.0239745.

13. Buehring GC, DeLaney A, Shen H, Chu DL, Razavian N, Schwartz DA, et al.
Bovine leukemia virus discovered in human blood. BMC Infect Dis. 2019;
19(1):297. https://doi.org/10.1186/s12879-019-3891-9.

14. Lawson JS, Glenn WK. Evidence for a causal role by mouse mammary
tumour-like virus in human breast cancer. NPJ Breast Cancer. 2019;5(1):40.
https://doi.org/10.1038/s41523-019-0136-4.

15. Ren C, Zeng K, Wu C, Mu L, Huang J, Wang M. Human papillomavirus
infection increases the risk of breast carcinoma: a large-scale systemic
review and meta-analysis of case-control studies. Gland Surg. 2019;8(5):486–
500. https://doi.org/10.21037/gs.2019.09.04.

16. Buehring GC, Sans HM. Breast Cancer Gone Viral? Review of Possible Role of
Bovine Leukemia Virus in Breast Cancer, and Related Opportunities for
Cancer Prevention. Int J Environ Res Public Health. 2019;17(1):209. https://
doi.org/10.3390/ijerph17010209.

17. Hill AB. The environment and disease: association or causation? Proc R Soc
Med. 1965;58(5):295–330. https://doi.org/10.1177/003591576505800503.

18. Lawson JS, Glenn WK. Multiple oncogenic viruses are present in human
breast tissues before development of virus associated breast cancer.
Infect Agent Cancer. 2017;12(1):55. https://doi.org/10.1186/s13027-017-01
65-2.

19. Buehring GC, Shen H, Schwartz DA, Lawson JS. Bovine leukemia virus linked
to breast cancer in Australian women and identified before breast cancer
development. PLoS One. 2017;12(6):e0179367. https://doi.org/10.1371/journa
l.pone.0179367.

20. Richardson AK, Walker LC, Cox B, Rollag H, Robinson BA, Morrin H, et al.
Breast cancer and cytomegalovirus. Clin Transl Oncol. 2020;22(4):585–602.
https://doi.org/10.1007/s12094-019-02164-1.

21. Hagensee ME, Herrel N, D’Angelo A, Sutton K, Clark R, Cameron JE. Epstein
Barr virus interacts with human papillomavirus to decrease apoptosis in-
vitro and increase cervical dysplasia in vivo. International Centre for Genetic
Engineering and Biotechnology. DNA tumour virus meeting, Trieste. 2011. p.
157.

22. Ohba K, Ichiyama K, Yajima M, Gemma N, Nikaido M, Wu Q, et al. In vivo
and in vitro studies suggest a possible involvement of HPV infection in the
early stage of breast carcinogenesis via APOBEC3B induction. PLoS One.
2014;9(5):e97787. https://doi.org/10.1371/journal.pone.0097787.

23. Vieira VC, Leonard B, White EA, Starrett GJ, Temiz NA, Lorenz LD, et al.
Human papillomavirus E6 triggers Upregulation of the antiviral and Cancer
genomic DNA Deaminase APOBEC3B. MBio. 2014;5:e02234–14.

24. Burns MB, Lackey L, Carpenter MA, Rathore A, Land AM, Leonard B, et al.
APOBEC3B is an enzymatic source of mutation in breast cancer. Nature.
2013;21:366–70.

25. Cheng AZ, Yockteng-Melgar J, Jarvis MC, Malik-Soni N, Borozan I, Carpenter
MA, et al. Epstein-Barr virus BORF2 inhibits cellular APOBEC3B to preserve
viral genome integrity. Nat Microbiol. 2019;4(1):78–88. https://doi.org/10.103
8/s41564-018-0284-6.

26. Indik S, Günzburg WH, Kulich P, Salmons B, Rouault F. Rapid spread of
mouse mammary tumor virus in cultured human breast cells. Retrovirology.
2007;4(1):73. https://doi.org/10.1186/1742-4690-4-73.

27. Johal H, Ford C, Glenn W, Heads J, Lawson J, Rawlinson W. Mouse
mammary tumor like virus sequences in breast milk from healthy lactating
women. Breast Cancer Res Treat. 2011;129(1):149–55. https://doi.org/10.1
007/s10549-011-1421-6.

28. Nartey T, Moran H, Marin T, Arcaro KF, Anderton DL, Etkind P, et al. Human
mammary tumor virus (HMTV) sequences in human milk. Infect Agent
Cancer. 2014;9(1):20. https://doi.org/10.1186/1750-9378-9-20.

29. Mazzanti CM, Lessi F, Armogida I, Zavaglia K, Franceschi S, Al Hamad M,
et al. Human saliva as route of inter-human infection for mouse mammary
tumor virus. Oncotarget. 2015;6(21):18355–63. https://doi.org/10.18632/
oncotarget.4567.

30. Melana SM, Nepomnaschy I, Sakalian M, Abbott A, Hasa J, Holland JF, et al.
Characterization of viral particles isolated from primary cultures of human
breast cancer cells. Cancer Res. 2007;67(18):8960–5. https://doi.org/10.1158/
0008-5472.CAN-06-3892.

31. Axel R, Schlom J, Spiegelman S. Presence in human breast cancer of RNA
homologous to mouse mammary tumour virus RNA. Nature. 1972;
235(5332):32–6. https://doi.org/10.1038/235032a0.

32. Dion AS, Girardi AJ, Williams CC, Pomenti AA. Serologic responses to murine
mammary tumor virus (MuMTV) in MuMTV-exposed laboratory personnel. J
Natl Cancer Inst. 1986;76(4):611–9. https://doi.org/10.1093/jnci/76.4.611.

33. Johal H, Faedo M, Faltas J, Lau A, Mousina R, Cozzi P, et al. DNA of mouse
mammary tumor virus-like virus is present in human tumors influenced by
hormones. J Med Virol. 2010;82(6):1044–50. https://doi.org/10.1002/jmv.21754.

34. Nartey T, Mazzanti CM, Melana S, Glenn WK, Bevilacqua G, Holland JF, et al.
Mouse mammary tumor-like virus (MMTV) is present in human breast tissue
before development of virally associated breast cancer. Infect Agent Cancer.
2017;12(1):1. https://doi.org/10.1186/s13027-016-0113-6.

35. Ford CE, Faedo M, Crouch R, Lawson JS, Rawlinson WD. Progression from
normal breast pathology to breast cancer is associated with increasing
prevalence of mouse mammary tumor virus-like sequences in men and
women. Cancer Res. 2004;64(14):4755–9. https://doi.org/10.1158/0008-5472.
CAN-03-3804.

36. Mazzanti CM, Al Hamad M, Fanelli G, Scatena C, Zammarchi F, Zavaglia K,
et al. Bevilacqua G a mouse mammary tumor virus env-like exogenous
sequence is strictly related to progression of human sporadic breast
carcinoma. Am J Pathol. 2011;179(4):2083–90. https://doi.org/10.1016/j.ajpa
th.2011.06.046.

37. Hsu WL, Lin HY, Chiou SS, Chang CC, Wang SP, Lin KH, et al. Mouse
mammary tumor virus-like nucleotide sequences in canine and feline
mammary tumors. J Clin Microbiol. 2010;48(12):4354–62. https://doi.org/1
0.1128/JCM.01157-10.

38. Konstantoulas CJ, Indik S. C3H strain of mouse mammary tumour virus, like
GR strain, infects human mammary epithelial cells, albeit less efficiently than
murine mammary epithelial cells. J Gen Virol. 2015;96(3):650–62. https://doi.
org/10.1099/jgv.0.000006.

39. Katz E, Lareef MH, Rassa JC, Grande SM, King LB, Russo J, et al. MMTV Env
encodes an ITAM responsible for transformation of mammary epithelial cells
in three-dimensional culture. J Exp Med. 2005;201(3):431–9. https://doi.org/1
0.1084/jem.20041471.

40. Feldman D, Roniger M, Bar-Sina A, Braitbard O, Natan C, Love DC, et al. The
signal peptide of mouse mammary tumor virus-env: a phosphoprotein
tumor modulator. Mol Cancer Res. 2012;10(8):1077–86. https://doi.org/10.11
58/1541-7786.MCR-11-0581.

41. Etkind PR, Stewart AF, Wiernik PH. Mouse mammary tumor virus (MMTV) -
like DNA sequences in the breast tumors of father, mother, and daughter.
Infect Agent Cancer. 2008;3(1):2. https://doi.org/10.1186/1750-9378-3-2.

42. Laumbacher B, Fellerhoff B, Herzberger B, Wank R. Do dogs harbour risk
factors for human breast cancer? Med. Hypotheses. 2006;67(1):21–6. https://
doi.org/10.1016/j.mehy.2006.01.016.

43. US Food and Drug Administration. The Food defect action levels.
Handbook. 2005.

44. Nusse R. Insertional mutagenesis in mouse mammary tumorigenesis. Curr
Top Microbiol Immunol. 1991;171:43–65. https://doi.org/10.1007/978-3-642-
76524-7_3.

45. Lawson JS, Glenn WK, Salmons B, Ye Y, Heng B, Moody P, et al. Mouse
mammary tumor virus-like sequences in human breast cancer. Cancer Res.
2010;70(9):3576–85. https://doi.org/10.1158/0008-5472.CAN-09-4160.

46. Callahan R, Mudunur U, Bargo S, Raafat A, McCurdy D, Boulanger C, et al.
Genes affected by mouse mammary tumor virus (MMTV) proviral insertions
in mouse mammary tumors are deregulated or mutated in primary human
mammary tumors. Oncotarget. 2012;3(11):1320–34. https://doi.org/10.18632/
oncotarget.682.

47. Uriu K, Kosugi Y, Ito J, Sato K. The Battle between retroviruses and APOBEC3
genes: its past and present. Viruses. 2021;13(1):124. https://doi.org/10.3390/
v13010124.

48. Lawson JS, Glenn WK, Salyakina D, Delprado W, Clay R, Antonsson A, et al.
Human papilloma viruses and breast Cancer. Front Oncol. 2015;5:277.

49. Khan NA, Castillo A, Koriyama C, Kijima Y, Umekita Y, Ohi Y. Human
papillomavirus detected in female breast carcinomas in Japan. Br J Cancer.
2008;99(3):408–14. https://doi.org/10.1038/sj.bjc.6604502.

50. Lawson JS, Glenn WK, Salyakina D, Clay R, Delprado W, Cheerala B, et al.
Human papilloma virus identification in breast cancer patients with
previous cervical neoplasia. Front Oncol. 2016;5:298.

51. Wang YX, Zhang ZY, Wang JQ, Qian XL, Cui J. HPV16 E7 increases COX-2
expression and promotes the proliferation of breast cancer. Oncol Lett.
2018;16(1):317–25.

52. Krawczyk E, Suprynowicz FA, Liu X, Dai Y, Hartmann DP, Hanover J, et al.
Koilocytosis: a cooperative interaction between the human papillomavirus

Lawson and Glenn Infectious Agents and Cancer           (2021) 16:37 Page 10 of 11

https://doi.org/10.1371/journal.pone.0239745
https://doi.org/10.1186/s12879-019-3891-9
https://doi.org/10.1038/s41523-019-0136-4
https://doi.org/10.21037/gs.2019.09.04
https://doi.org/10.3390/ijerph17010209
https://doi.org/10.3390/ijerph17010209
https://doi.org/10.1177/003591576505800503
https://doi.org/10.1186/s13027-017-0165-2
https://doi.org/10.1186/s13027-017-0165-2
https://doi.org/10.1371/journal.pone.0179367
https://doi.org/10.1371/journal.pone.0179367
https://doi.org/10.1007/s12094-019-02164-1
https://doi.org/10.1371/journal.pone.0097787
https://doi.org/10.1038/s41564-018-0284-6
https://doi.org/10.1038/s41564-018-0284-6
https://doi.org/10.1186/1742-4690-4-73
https://doi.org/10.1007/s10549-011-1421-6
https://doi.org/10.1007/s10549-011-1421-6
https://doi.org/10.1186/1750-9378-9-20
https://doi.org/10.18632/oncotarget.4567
https://doi.org/10.18632/oncotarget.4567
https://doi.org/10.1158/0008-5472.CAN-06-3892
https://doi.org/10.1158/0008-5472.CAN-06-3892
https://doi.org/10.1038/235032a0
https://doi.org/10.1093/jnci/76.4.611
https://doi.org/10.1002/jmv.21754
https://doi.org/10.1186/s13027-016-0113-6
https://doi.org/10.1158/0008-5472.CAN-03-3804
https://doi.org/10.1158/0008-5472.CAN-03-3804
https://doi.org/10.1016/j.ajpath.2011.06.046
https://doi.org/10.1016/j.ajpath.2011.06.046
https://doi.org/10.1128/JCM.01157-10
https://doi.org/10.1128/JCM.01157-10
https://doi.org/10.1099/jgv.0.000006
https://doi.org/10.1099/jgv.0.000006
https://doi.org/10.1084/jem.20041471
https://doi.org/10.1084/jem.20041471
https://doi.org/10.1158/1541-7786.MCR-11-0581
https://doi.org/10.1158/1541-7786.MCR-11-0581
https://doi.org/10.1186/1750-9378-3-2
https://doi.org/10.1016/j.mehy.2006.01.016
https://doi.org/10.1016/j.mehy.2006.01.016
https://doi.org/10.1007/978-3-642-76524-7_3
https://doi.org/10.1007/978-3-642-76524-7_3
https://doi.org/10.1158/0008-5472.CAN-09-4160
https://doi.org/10.18632/oncotarget.682
https://doi.org/10.18632/oncotarget.682
https://doi.org/10.3390/v13010124
https://doi.org/10.3390/v13010124
https://doi.org/10.1038/sj.bjc.6604502


E5 and E6 oncoproteins. Am J Pathol. 2008;173(3):682–8. https://doi.org/1
0.2353/ajpath.2008.080280.

53. Lawson JS, Glenn WK, Heng B, Ye Y, Tran B, Lutze-Mann L, et al. Koilocytes
indicate a role for human papilloma virus in breast cancer. Br J Cancer.
2009;101(8):1351–6. https://doi.org/10.1038/sj.bjc.6605328.

54. Band V, Zajchowski D, Kulesa V, Sager R. Human papilloma virus DNAs
immortalize normal human mammary epithelial cells and reduce their
growth factor requirements. Proc Natl Acad Sci U S A. 1990;87(1):463–7.
https://doi.org/10.1073/pnas.87.1.463.

55. Garbe J, Wong M, Wigington D, Yaswen P, Stampfer MR. Viral oncogenes
accelerate conversion to immortality of cultured conditionally immortal
human mammary epithelial cells. Oncogene. 1999;18(13):2169–80. https://
doi.org/10.1038/sj.onc.1202523.

56. Gao Q, Singh L, Kumar A, Srinivasan S, Wazer DE, Band V. Human
papillomavirus type 16 E6-induced degradation of E6TP1 correlates with its
ability to immortalize human mammary epithelial cells. J Virol. 2001;75(9):
4459–66. https://doi.org/10.1128/JVI.75.9.4459-4466.2001.

57. Wazer DE, Liu XL, Chu Q, Gao Q, Band V. Immortalization of distinct human
mammary epithelial cell types by human papilloma virus 16 E6 or E7. Proc Natl
Acad Sci U S A. 1995;92(9):3687–91. https://doi.org/10.1073/pnas.92.9.3687.

58. Yasmeen A, Bismar TA, Dekhil H, Ricciardi R, Kassab A, Gambacorti-Passerini
C, et al. ErbB-2 receptor cooperates with E6/E7 oncoproteins of HPV type 16
in breast tumorigenesis. Cell Cycle. 2007;6(23):2939–43. https://doi.org/10.41
61/cc.6.23.4949.

59. Zhang Y, Fan S, Meng Q, Ma Y, Katiyar P, Schlegel R, et al. BRCA1 interaction
with human papillomavirus oncoproteins. J Biol Chem. 2005;280(39):33165–
77. https://doi.org/10.1074/jbc.M505124200.

60. Warren CJ, Westrich JA, Van Doorslaer K, Pyeon D. Roles of APOBEC3A and
APOBEC3B in human papillomavirus infection and disease progression.
Viruses. 2017;9(8):233. https://doi.org/10.3390/v9080233.

61. Mori S, Takeuchi T, Ishii Y, Yugawa T, Kiyono T, Nishina H, et al. Human
Papillomavirus 16 E6 Upregulates APOBEC3B via the TEAD Transcription
Factor. J Virol. 2017;91:6.

62. Ignatoski KM, Dziubinski ML, Ammerman C, Ethier SP. Cooperative
interactions of HER-2 and HPV-16 oncoproteins in the malignant
transformation of human mammary epithelial cells. Neoplasia. 2005;7(8):
788–98. https://doi.org/10.1593/neo.05106.

63. Al Moustafa AE, Kassab A, Darnel A, Yasmeen A. High-risk HPV/ErbB-2
interaction on E-cadherin/catenin regulation in human carcinogenesis. Curr
Pharm Des. 2008;14(22):2159–72. https://doi.org/10.2174/13816120878574
0216.

64. Budukh A, Maheshwari A, Palayekar V, Bagal S, Purwar P, Deodhar K, et al.
Prevalence and nonsexual transmission of human papilloma virus (HPV) in
the adolescence girls from rural area of Maharashtra state, India. Indian J
Cancer. 2018;55(4):336–9. https://doi.org/10.4103/ijc.IJC_188_18.

65. Wang Y, Springer S, Mulvey CL, Silliman N, Schaefer J, Sausen M, et al.
Detection of somatic mutations and HPV in the saliva and plasma of
patients with head and neck squamous cell carcinomas. Sci Transl Med.
2015;7:293ra104.

66. Guenat D, Hermetet F, Prétet JL, Mougin C. Exosomes and Other
Extracellular Vesicles in HPV Transmission and Carcinogenesis. Viruses. 2017;
9(8):211. https://doi.org/10.3390/v9080211.

67. Odumade OA, Hogquist KA, Balfour HH Jr. Progress and problems in
understanding and managing primary Epstein-Barr virus infections. Clin
Microbiol Rev. 2011;24(1):193–20. https://doi.org/10.1128/CMR.00044-10.

68. Jin Q, Su J, Yan D, Wu S. Epstein-Barr virus infection and increased sporadic
breast carcinoma risk: a meta-analysis. Med Princ Pract. 2020;29(2):195–200.
https://doi.org/10.1159/000502131.

69. Yasui Y, Potter JD, Stanford JL, Rossing MA, Winget MD, et al. Breast cancer
risk and “delayed” primary Epstein-Barr virus infection. Cancer Epidemiol
Biomark Prev. 2001;10:9–16.

70. Smatti MK, Al-Sadeq DW, Ali NH, Pintus G, Abou-Saleh H, Nasrallah GK.
Epstein-Barr virus epidemiology, serology, and genetic variability of LMP-1
oncogene among healthy population: an update. Front Oncol. 2018;8:211.
https://doi.org/10.3389/fonc.2018.00211.

71. Hu H, Luo ML, Desmedt C, Nabavi S, Yadegarynia S, Hong A, et al. Epstein-
Barr virus infection of mammary epithelial cells promotes malignant
transformation. EBioMedicine. 2016;9:148–60. https://doi.org/10.1016/j.
ebiom.2016.05.025.

72. Lin JH, Tsai CH, Chu JS, Chen JY, Takada K, Shew JY. Dysregulation of HER2/
HER3 signaling Axis in Epstein-Barr virus-infected breast carcinoma cells. J
Virol. 2007;81(11):5705–13. https://doi.org/10.1128/JVI.00076-07.

73. Saha A, Robertson ES. Impact of EBV essential nuclear protein EBNA-3C on
B-cell proliferation and apoptosis. Future Microbiol. 2013;8(3):323–52.
https://doi.org/10.2217/fmb.12.147.

74. Frappier L. Contributions of Epstein-Barr nuclear antigen 1 (EBNA1) to
cell immortalization and survival. Viruses. 2012;4(9):1537–47. https://
doi.org/10.3390/v4091537.

75. Gaur N, Gandhi J, Robertson ES, Verma SC, Kaul R. Epstein–Barr virus latent
antigens EBNA3C and EBNA1 modulate epithelial to mesenchymal
transition of cancer cells associated with tumor metastasis. Tumour Biol.
2015;36(4):3051–60. https://doi.org/10.1007/s13277-014-2941-6.

76. Ali SHM, Shakir H, Al-Alwany M, Al-Wadi GLA, Huda Q, AL MA, et al. Co-
expressional protein products of BRCA-1 and EBV-EBNA-1 genes in tissues
from human female patients with breast cancers: an immunohistochemical
screening study. Int J Chem Tech Res. 2017;10:709–19.

77. Shair KH, Bendt KM, Edwards RH, Nielsen JN, Moore DT, Raab-Traub N.
Epstein-Barr virus-encoded latent membrane protein 1 (LMP1) and LMP2A
function cooperatively to promote carcinoma development in a mouse
carcinogenesis model. J. Virol. 2012;86:5352–65.

78. Dawson CW, Port RJ, Young LS. The role of the EBV-encoded latent
membrane proteins LMP1 and LMP2 in the pathogenesis of
nasopharyngeal carcinoma (NPC). Semin. Cancer Biol. 2012;22:144–53.

79. Burridge MJ. The zoonotic potential of bovine leukemia virus. Vet Res
Commun. 1981;5(1):117–26. https://doi.org/10.1007/BF02214976.

80. Buehring GC, Philpott SM, Choi KY. Humans have antibodies reactive with
bovine leukemia virus. AIDS Res Hum Retrovir. 2003;19(12):1105–13. https://
doi.org/10.1089/088922203771881202.

81. Buehring GC, Shen HM, Jensen HM, Choi KY, Sun D, Nuovo G. Bovine
leukemia virus DNA in human breast tissue. Emerg Infect Dis. 2014;20(5):
772–82. https://doi.org/10.3201/eid2005.131298.

82. Gillet NA, Willems L. Whole genome sequencing of 51 breast cancers
reveals that tumors are devoid of bovine leukemia virus DNA. Retrovirology.
2016;13(1):75. https://doi.org/10.1186/s12977-016-0308-3.

83. Zhang R, Jiang J, Sun W, Zhang J, Huang K, Gu X, et al. Lack of association
between bovine leukemia virus and breast cancer in Chinese patients. Breast
Cancer Res. 2016;18(1):101. https://doi.org/10.1186/s13058-016-0763-8.

84. Ji J, Sundquist J, Sundquist K. Lactose intolerance and risk of lung, breast and
ovarian cancers: aetiological clues from a population-based study in Sweden.
Br J Cancer. 2015;112(1):149–52. https://doi.org/10.1038/bjc.2014.544.

85. zur Hausen H, de Villiers EM. Dairy cattle serum and milk factors contributing
to the risk of colon and breast cancers. Int J Cancer. 2015;137:959–67.

86. Mpandi M, Otten LA, Lavanchy C, Acha-Orbea H, Finke D. Passive
immunization with neutralizing antibodies interrupts the mouse mammary
tumor virus life cycle. J Virol. 2003;77(17):9369–77. https://doi.org/10.1128/
JVI.77.17.9369-9377.2003.

87. Braitbard O, Roniger M, Bar-Sinai A, Rajchman D, Gross T, Abramovitch H,
et al. A new immunization and treatment strategy for mouse mammary
tumor virus (MMTV) associated cancers. Oncotarget. 2016;7(16):21168–80.
https://doi.org/10.18632/oncotarget.7762.

88. de Sanjose S, Delany-Moretlwe S. HPV vaccines can be the hallmark of
cancer prevention. Lancet. 2019;394(10197):450–1. https://doi.org/10.1016/
S0140-6736(19)30549-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lawson and Glenn Infectious Agents and Cancer           (2021) 16:37 Page 11 of 11

https://doi.org/10.2353/ajpath.2008.080280
https://doi.org/10.2353/ajpath.2008.080280
https://doi.org/10.1038/sj.bjc.6605328
https://doi.org/10.1073/pnas.87.1.463
https://doi.org/10.1038/sj.onc.1202523
https://doi.org/10.1038/sj.onc.1202523
https://doi.org/10.1128/JVI.75.9.4459-4466.2001
https://doi.org/10.1073/pnas.92.9.3687
https://doi.org/10.4161/cc.6.23.4949
https://doi.org/10.4161/cc.6.23.4949
https://doi.org/10.1074/jbc.M505124200
https://doi.org/10.3390/v9080233
https://doi.org/10.1593/neo.05106
https://doi.org/10.2174/138161208785740216
https://doi.org/10.2174/138161208785740216
https://doi.org/10.4103/ijc.IJC_188_18
https://doi.org/10.3390/v9080211
https://doi.org/10.1128/CMR.00044-10
https://doi.org/10.1159/000502131
https://doi.org/10.3389/fonc.2018.00211
https://doi.org/10.1016/j.ebiom.2016.05.025
https://doi.org/10.1016/j.ebiom.2016.05.025
https://doi.org/10.1128/JVI.00076-07
https://doi.org/10.2217/fmb.12.147
https://doi.org/10.3390/v4091537
https://doi.org/10.3390/v4091537
https://doi.org/10.1007/s13277-014-2941-6
https://doi.org/10.1007/BF02214976
https://doi.org/10.1089/088922203771881202
https://doi.org/10.1089/088922203771881202
https://doi.org/10.3201/eid2005.131298
https://doi.org/10.1186/s12977-016-0308-3
https://doi.org/10.1186/s13058-016-0763-8
https://doi.org/10.1038/bjc.2014.544
https://doi.org/10.1128/JVI.77.17.9369-9377.2003
https://doi.org/10.1128/JVI.77.17.9369-9377.2003
https://doi.org/10.18632/oncotarget.7762
https://doi.org/10.1016/S0140-6736(19)30549-5
https://doi.org/10.1016/S0140-6736(19)30549-5

	Outline placeholder
	Abstract
	Mouse mammary tumour virus
	Human papilloma virus
	Epstein Barr virus
	Bovine leukemia virus
	Conclusion

	Background
	Methods
	Outcomes
	Multiple oncogenic viruses in breast cancer


	Mouse mammary tumour virus
	History
	Identification and strength of association between MMTV and human breast cancer
	MMTV structure
	Identification
	Consistency
	Specificity
	Temporality (does the causal agent precede a specific disease)
	Biological gradient
	Plausibility (oncogenic capacity of the infectious agent)
	Experimental evidence
	Transformation
	Transmission
	Oncogenic mechanisms
	Conclusions


	Human papilloma viruses (HPVs)
	History
	Identification of human papilloma viruses in breast cancer
	HPV structure
	Epidemiology
	HPV transformation and oncogenic mechanisms
	Specificity
	Temporality HPV infection and subsequent breast cancer time sequence
	Transmission

	Conclusion

	Epstein Barr virus (EBV)
	History
	Identification of EBV in human breast tissues
	EBV structure
	Epidemiology
	Transmission
	Oncogenic mechanisms
	Conclusion


	Bovine leukemia virus (BLV)
	History

	Identification of BLVs in human breast cancer
	BLV structure
	Strength and consistency of association between BLVs and human breast cancer
	Epidemiology, transmission
	Conclusion


	Discussion
	Prevention
	Conclusion
	Abbreviations
	Supplementary Information
	Authors’ contributions
	Author’s information
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

