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Breast cancer is a complex disease that arises from the
interactions of genetic predisposition with environmental,
hormonal, and lifestyle factors. Despite growing apprecia-
tion of the molecular pathways underlying breast carcino-
genesis and the heterogeneity of the disease, most patients
with sporadic breast cancer lack clear etiologic risk factors.
Although the process of breast carcinogenesis is histolog-
ically recognized as a spectrum of disorders including nor-
mal human breast epithelium, hyperplasia, atypia, carci-
noma in situ, and invasive and metastatic carcinomas, the
contribution of virus infection to initiation and promotion of
mammary carcinogenesis remains uncertain.

Breast Cancer Initiation: A Role for Mouse
Mammary Tumor Virus?

Mouse mammary tumor virus (MMTV) was first linked to
human breast cancer 50 years ago.1 Today, however, the
hypothesis that MMTV is etiologically linked to human
breast cancer holds little traction with virologists or clini-
cians, for reasons that will be summarized later. Neverthe-
less, a few groups have persevered with study of the MMTV
hypothesis as a human pathogen associated with breast
cancer. In this issue of The American Journal of Pathology,
Mazzanti and colleagues2 sought evidence of MMTV infec-
tion in carefully selected human breast tissues ranging from
normal benign epithelial elements through preinvasive and
invasive carcinomas. With use of laser microdissection and
appropriate techniques to address the risk of contamination
and false-positive signals, that team reported detection of
nucleic acid sequences resembling MMTV in human prein-
vasive lesions by means of both fluorescent nested PCR

and chromogenic in situ hybridization. Tumor samples from
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ductal carcinoma in situ demonstrated the highest viral load
and frequency of sequences resembling MMTV (80%),
whereas 27% of atypical ductal hyperplasia samples exhib-
ited evidence of infection, compared with 35% of those with
infiltrating ductal carcinoma.2 The implication of these find-
ings is that a virus similar to MMTV may be involved in
initiation of human breast cancer.

MMTV and Cancer: The Backstory

To contextualize these findings, it is necessary to address
the history of MMTV and its potential link to human breast
cancer. In 1936, Joseph Bittner identified a filterable “ext-
rachromosomal” factor that led to development of breast
cancer in mice.3 Subsequently, MMTV was characterized at
electron microscopy as a type B viral particle. The agent
was then demonstrated to have reverse transcriptase activ-
ity, similar to other retroviruses, and hormone-responsive
elements in the viral genome that enhance viral replication
during pregnancy. MMTV was once extensively studied as
a prototypic tumor virus with an important role in revealing
fundamental aspects of viral pathogenesis. The elemental
observation that insertion of the MMTV proviral genome
resulted in activation of proto-oncogenes was celebrated
with the award of the Nobel Prize to Harold Varmus in 1989.3

In addition, viral superantigens were first characterized in
MMTV. This mechanism is required for stimulating lympho-
cyte proliferation, which is essential for viral replication and
spread.3 Of note, MMTV was one of the first mammalian
viruses observed to induce cancer.
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Support Lost and Regained

In 1971, Moore and colleagues1 reported evidence of type
B particles resembling MMTV in the milk of 60% of patients
with breast cancer. Soon thereafter, numerous reports
emerged that demonstrated humoral and cellular reactivity
to MMTV, nucleic acid hybridization studies with MMTV
sequences, and reverse transcriptase activity in breast can-
cer samples. However, an equal and opposite reaction
soon emerged from virologists unable to find evidence of
MMTV infection in patients with breast cancer. Questions
were asked about the obvious differences in pathologic
features of breast cancer in humans compared with those in
mice and whether the positive findings could be attributable
to artifact and the presence of endogenous retroviruses.
The debate waged on, and eventually camps polarized into
those who did or did not believe in the existence of MMTV
infection in humans.3 Indeed, the discussion became per-
sonalized, and MMTV was soon laughably dubbed a “rumor
virus” because, at the time, retroviruses were referred to as
“tumor viruses.”4 The appeal of studying MMTV in humans
diminished by the 1980s after HIV emerged as a major human
pathogen and the funds to study MMTV disappeared.

Interest in a viral etiology of breast cancer was rekindled,
however, in the 1990s, when multiple groups used PCR and
reported the presence of sequences resembling MMTV in
patients with breast cancer.5–8 The reported prevalence of
MMTV infection in breast cancer samples varied geograph-
ically, with a variable median range of approximately 30% to
50%.9 Then history was repeated, with many competing
researchers reporting their inability to detect MMTV se-
quences using PCR on human breast cancer samples.9,10

Argument for MMTV in Breast Cancer

What argues against the MMTV hypothesis of breast can-
cer? In addition to the inability of some laboratories to detect
MMTV sequences in breast cancer, doubts were expressed
about the biology of MMTV as a human pathogen. Some of
these biological contradictions seem to have been ad-
dressed. Despite the contention that human tissues lack
receptors for MMTV,10 Indik and colleagues11,12 have dem-
onstrated infection and spread of MMTV in human cells in
vitro. Some have argued that the viral etiology of breast
cancer would predict an increased incidence of human
breast cancers in states of immunosuppression,10 whereas
the opposite seems to occur because organ transplant
recipients demonstrate a lower incidence of breast can-
cer.13 This observation, however, remains compatible with
the natural biology of MMTV because there is an absolute
requirement for lymphocytes to traffic the virus. As a result,
immunosuppression limits viral spread and reduces the in-
cidence of breast cancer in mice with MMTV infection.13

The recognition that the human genome contains endoge-
nous retroviral sequences and the possibility of cross-con-
tamination when performing nested PCR remain frequent
criticisms of the published literature. Nonetheless, there is
sufficient diversity of the MMTV genome and its closest
relative in humans, ie, HERV-K (human endogenous retro-

virus K), to differentiate them using PCR. It is also possible
that MMTV infection is simply an epiphenomenon without
causal relevance in which breast epithelial cells undergoing
malignant transformation are more likely to become in-
fected.

Several additional lines of circumstantial evidence sup-
port an association between MMTV and human breast
cancer. What is the epidemiologic evidence? First, mouse
exposure is common. One study reported that 95% of inner-
city homes demonstrated evidence of mouse deposits; a
finding that was irrespective of income.14 Stewart and col-
leagues15 reported that the incidence of breast cancer cor-
related with the geographic distribution of various species
of wild mice. The common house mouse, Mus domesticus,
as compared with Mus musculus, is thought to shed a
higher viral burden of MMTV.15 The former is the predomi-
nant species in Western Europe and North America, where
the highest prevalences of breast cancer are found,
whereas the latter species resides in countries with low
prevalence of breast cancer.15 This distribution also roughly
parallels the frequency of MMTV sequences reported in
breast cancer. MMTV is seldom, if ever, detected in breast
cancer samples from Japan, China, and Vietnam, as com-
pared with approximately 40% in the Western world, not-
withstanding the negative results from several centers in
Europe and North America.9,10

One could argue by analogy that MMTV is related to
breast carcinogenesis. Viral infection is accepted as a
causative agent in several other human cancers including
uterine and cervical cancer, lymphoma, hepatoma, and
oropharangeal carcinoma. It is also recognized that many
viruses including the herpesviridae and retroviridae are
passed through human breast milk, and in these examples,
viral infection must become established in mammary
glands to be secreted into milk. There are also instances of
other viral agents linked to breast cancer in other species such
as primates and mice. Furthermore, other viruses linked to
breast cancer in humans include known oncogenic agents
such as Epstein-Barr virus and papillomaviruses.9

In addition, agents resembling MMTV have been linked
to other diseases in humans. In 2003, a human betaretro-
virus with 95% homology to MMTV was characterized in
patients with primary biliary cirrhosis, an autoimmune liver
disease.16 While this association is controversial, the find-
ings stirred some interest because the virus triggered a
disease-specific phenotype in vitro that was associated with
development of autoimmunity, and MMTV infection was as-
sociated with the same phenotype in mice and in hu-
mans.16,17 More recently, proof of viral infection was dem-
onstrated by detecting integration of the MMTV nucleotide
sequences in human DNA using linker-mediated PCR cou-
pled with second-generation sequencing to increase sen-
sitivity. MMTV has also been linked to autoimmune biliary
disease in several mouse models that have subsequently
been used to discover novel antiretroviral therapies to treat
primary biliary cirrhosis. Significant biochemical and histo-
logic responses have been observed in humans in pilot
studies that used zidovudine and lamivudine, and case
reports have demonstrated complete normalization of liver
test results after highly active antiviral therapy.17 Inasmuch
as various studies have reported conflicting results, it is

uncertain whether patients with primary biliary cirrhosis
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have a higher or lower prevalence of breast cancer. How-
ever, the biological features of MMTV fit with other aspects
of primary biliary cirrhosis because the disease occurs pre-
dominantly in female patients and female hormones stimu-
late MMTV replication, in particular during pregnancy.

Argument Against MMTV in Breast Cancer

There remain two major criticisms that should be addressed
concerning MMTV and human breast cancer. First, the virus
is found only at the level of detection of PCR, and the field
has yet to move on from conducting PCR studies with the
intrinsic uncertainty of the results. Of note, low-level infection
is consistent with the biologic features of many retroviruses
including betaretroviruses such as MMTV, gammaretrovi-
ruses, and deltaretroviruses such as human T-lymphotropic
virus-1 (HTLV-1). Unlike HIV, these viruses are rarely de-
tected in serum, and they traffic in lymphocytes. For exam-
ple, HTLV-1 is detected in as few as 0.1% of peripheral
blood mononuclear cells in patients with morbid disease,
which is comparable to the amount of MMTV in human
blood. However, HTLV-1 is accepted as a pathogen,
whereas MMTV is not. The major link of HTLV-1 to develop-
ment of hematologic cancer and neurologic disease was
made by correlating the clustering of HTLV-1 in Japan and
then in the Caribbean.18 HTLV-1 causes adult T-cell leukemia
in less than 5% of infected patients, and myelitis in less than
1%. These data strongly suggest that other factors may be
required for development of HTLV-1–related disease, such as
infection in childhood and genetic predisposition.

Koch’s Postulates and Hill’s Criteria Considered

So how can we determine whether MMTV in breast cancer
is a red herring or a smoking gun? Usually, multiple layers of
proof are required to demonstrate a definitive etiologic as-
sociation of an infectious agent and disease. Koch’s postu-
lates were originally formulated for acute disease and were
not directly applicable to the years-long process of carci-
nogenesis. However, it is interesting that some of Koch’s
postulates have been demonstrated retrospectively in iso-
lated patients with HTLV-1; the virus has been detected in
humans, and disease has been transmitted via blood trans-
fusion. More relevant to this discussion are Hill’s criteria of
causation.19 These encompass multiple factors including
the strength, consistency, and specificity of association,
and the temporality and biological gradient of exposure
(greater exposure leads to more disease), the plausibility
and coherence of the hypothesis, and experimental data.19

If we are to follow the lead of Hill’s criteria and modified
Koch’s postulates with MMTV in breast cancer, we have a
long way to go. A critically important step would be dem-
onstration of MMTV integration sites into DNA of human
breast cancer cells; similar preliminary data are now avail-
able for primary biliary cirrhosis. Finding integration sites in
genetic loci triggering oncogenic pathways would
strengthen the argument for a causative role. Isolation of
infectious viral particles from breast epithelial cells would be
persuasive. Such data would provide the impetus to de-

velop sensitive and specific serologic diagnostic tests to
evaluate the epidemiologic relationships between MMTV
and breast cancer. Were seropositivity to track with breast
cancer biology, with either a molecular subtype or clinico-
pathologic features, the argument for causation would be
further strengthened. In due course, one could envision, as
the ultimate demonstration of a causative link, a vaccination
program in unexposed individuals or prepubescent girls
that reduced breast cancer incidence. The findings of Maz-
zanti and colleagues suggest that further investigation is
much warranted.
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