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1 | INTRODUCTION

CIVITA ET AL

specific viral strains activating definite molecular pathways via insertional mutagene-
sis. Similarly, the diverse histotypes observed in human invasive breast carcinoma
may be influenced by a viral etiology. A study of 253 invasive breast carcinoma cases,
representing 15 histotypes, detected HBRV/MMTV-ENV sequences in 20%, consis-
tent with international literature. All histotypes tested positive except those linked to
hereditary syndromes, such as medullary, apocrine, and metaplastic carcinoma. This
distinction reinforces the reported lack of association between HBRV/HMTV and
hereditary breast cancer, while supporting a viral etiology for sporadic carcinoma. Rel-
evant characteristics of sporadic histotypes align with the “hit and run” hypothesis of
viral carcinogenesis. Histotype differences may result from molecular pathways acti-
vated by Int genes, though mechanism beyond insertional mutagenesis and the possi-
bility of specific HBRV strains cannot be ruled out. The potential for detected viral
sequences to originate in human tumors from endogenous MMTV or contamination

with murine material is critically examined.

KEYWORDS

breast cancer etiology, breast cancer histotype, human betaretrovirus-HBRYV, human mammary
tumor virus-HMTYV, mouse mammary tumor virus-MMTV

What's New?

While estrogens, obesity, and alcohol are recognized risk factors for breast cancer, a viral
hypothesis has been suggested based on the murine model of Mouse Mammary Tumor Virus
(MMTV)-induced mammary tumors. This study analyzed sequences of the human homolog of
MMTV across human breast carcinoma histotypes, detecting the virus in all types except
hereditary-associated ones. The findings reinforce the lack of association between HMTV/
HBRYV and hereditary carcinomas and support a viral etiology for sporadic breast cancer. Histo-
type differences may result from molecular pathways activated by Int genes, although mecha-
nisms beyond insertional mutagenesis and distinct HBRYV strains cannot be ruled out.

oropharynx, EBV in the esophagus and stomach, and HBV and

HCV in the liver—is either superficially addressed or entirely over-

Current data suggest that a viral agent is the most likely etiological
factor for sporadic breast cancer (BC).1? While estrogens, obesity,
and alcohol are recognized as significant risk factors, their direct
causative roles have not been demonstrated. These factors promote
cell proliferation, with estrogens acting directly, adipose tissue con-
tributing through the synthesis of endogenous estrogens, and alco-
hol stimulating endogenous estrogen synthesis.®>"> Thus, they are
better categorized as promoters rather than initiators of cancer.
The International Agency for Research on Cancer (IARC) mono-
graph on the carcinogenic risk of alcohol, published in 2010 and
still frequently cited, concludes that there is a “sufficient evidence
in humans for the carcinogenicity of alcoholic beverages”. Nonethe-
less, it also asserts that “the occurrence of malignant tumors of ...
and breast is causally related to the consumption of alcoholic
beverages”. However, the IARC's conclusions, primarily based on
epidemiological data, have certain limitations: (a) in nearly all cited
experimental studies, alcohol was combined with potent carcino-
gens, underscoring its role as a promoter rather than an initiator;
and (b) the role of oncogenic viruses—such as HPV in the

looked. Moreover, other studies have failed to demonstrate a link
between alcohol consumption and BC.®

The viral hypothesis for BC is based on the experimental model
of murine mammary tumors induced by the Mouse Mammary Tumor
Virus (MMTV), a non-acute, slow-transforming betaretrovirus trans-
mitted to offspring through maternal milk.2 MMTYV is a potent onco-
genic virus that exerts its transforming effect primarily through
insertional mutagenesis, integrating into specific gene locations
known as Int (integration) loci. These loci host genes involved in tissue
growth and development, including WNT1 (Intl), FGF3 (Int2), and
NOTC4 (Int3), among others.”

The activation of Int genes is directly responsible for the devel-
opment of preinvasive/preneoplastic lesions, such as typical and
atypical hyperplasia and carcinoma in situ, under the indispensable
proliferative stimulus of estrogens. On the other hand, disease
progression—leading to invasive carcinoma and subsequent meta-
static spread—is likely driven by specific molecular pathways
(Wnt/B-catenin, FgF, Notch, and others), which are, in turn, acti-
vated by Int genes.”
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Unlike other retroviruses, which exhibit some preference for spe-
cific integration sites, MMTV inserts randomly, demonstrating the
most random distribution of integration sites observed to date.® As a
result, large amounts of virus must be produced, and many mammary
cells must be infected for tumorigenesis to occur. The randomness of
insertion, along with the complexity of the molecular events involved,
accounts for the long latency period of MMTV-induced tumors, which
can sometimes last up to 1 year.’

Variants of the MMTYV provirus with specific deletions in the U3
region of the LTR have been shown to play an etiological role in
murine T-cell lymphomas.'®** The close interactions? that MMTV
establishes with the immune system during the host infection likely
facilitate the development of this type of neoplasia.

Diverse MMTV strains have been identified and are named after
the mouse strain hosting them, such as MMTV-C3H and MMTV-RIII,
or designated by letters, such as S (standard, the classic Bittner virus),
P (plaque), L (low incidence), among others.*?

The MMTV model has been crucial in advancing our understand-
ing of human BC biology, contributing to concepts such as tumor
progression, preneoplastic/preinvasive lesions, and hormone depen-
dence.” The potential role of MMTV in BC etiology has been hypothe-
sized since the 1970s. In 1972 Axel, Gulati, and Spiegelman identified
viral particles containing RNA polymerase and viral RNA in up to 80%
of human breast carcinomas cases.'® In 1995, Beatriz Pogo and col-
leagues detected MMTV-like sequences in invasive human BC cases
at a notable frequency of nearly 40%'* and later successfully identi-
fied and amplified the proviral structure.'® A 2006 study utilizing laser
microdissection of tumor cells and fluorescent nested PCR reported a
positivity rate of 33%, further strengthening the evidence.'® A recent
review of 46 studies involving 51 patient cohorts found that viral
sequences were detected in 42 cohorts worldwide, comprising 5015
cases, with 1320 testing positive. The overall positivity rate
was 26%.2

Intriguingly, viral sequences have been detected in normal epithe-
lial cells adjacent to invasive carcinoma (~20%) and in preinvasive
breast lesions. Among these lesions, 27% of atypical ductal hyperpla-
sia (ADH) cases and, surprisingly, a striking 82% of ductal carcinoma in
situ (DCIS) cases exhibited the presence of the virus.!” The very high
percentage of positive DCIS cases is halved during the transition to
the invasive form, accompanied by a strong signal reduction observed
with CISH (chromogenic in situ hybridization) and a dramatic decrease
in viral sequence copy number, as demonstrated by quantitative
PCR.Y

Notably, viral sequences have even been detected in
non-cancerous breast biopsies taken 1 to 11 years before cancer
development.’® MMTV sequences have also been identified in
hormone-influenced human tumors, such as those of the ovary, endo-
metrium, and prostate.’?

Interestingly, MMTV-like sequences have been detected in
human saliva.2° Remarkably, saliva samples from BC patients showed
a detection rate of nearly 60%. In contrast, saliva samples from
healthy adults tested positive in 11% of cases, while normal salivary

glands were positive in 8% of cases.
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Importantly, hereditary BRCA-related breast cancers have tested
negative for MMTV-like sequences.?! Hereditary BCs have a distinct
etiopathogenesis, driven primarily by inherited gene alterations in
germline cells. As a result, external factors, such as viruses, are likely
not required for their development.

The MMTV proviral structure has been identified in human breast
cancer cells and found integrated into the DNA of cancer cells,*>??
while infectious MMTYV particles have been isolated from breast can-
cer cells. 2223

Of particular relevance is the finding that MMTV can infect
human mammary cells, as demonstrated by Indik and colleagues.8?224
The infected cells can spread the infection to other cells, eventually
involving the entire cell population. Stimulation of these cells with
dexamethasone induced the synthesis of viral structural proteins and
the production of mature, infectious type B particles. Notably, in
these infected human cells, MMTV integration occurred randomly.®

Preliminary data from Andrew Mason's laboratory demonstrate
HBRYV insertion in human breast carcinomas, with integration proximal
to cancer-related genes such as SLC12A7.2°

MMTV is linked not only to BC but also to primary biliary cholan-
gitis (PBC), an autoimmune liver disease.? In this context, the proviral
genome has been identified, viral B particles have been isolated, and
more than 3400 integration sites have been detected. Notably, biliary
epithelial cells have also been successfully infected with the virus.?®

Based on the murine model, human infection with MMTV has
been hypothesized to occur either through breastfeeding or direct
transmission from mice. However, both hypotheses have significant

limitations:

1. Human milk typically contains negligible or no MMTV particles.
Moreover, contemporary breastfeeding practices are relatively
short in duration, whereas the murine model suggests that infec-
tion requires large quantities of the virus and prolonged breast-
feeding. This extended duration compensates for the destruction
of most viral particles by gastric juices. Additionally, human milk
has been shown to have a destructive effect on MMTV.2

2. Direct transmission from mice to humans also appears unlikely, as
it would require prolonged and close cohabitation, which is uncom-

mon in typical human-mouse interactions.

The existence of a human viral counterpart to MMTV has long
been hypothesized, leading to the introduction of the term Human
Mammary Tumor Virus (HMTV) in 2001.%> Recently, the existence of
a human Betaretrovirus homologous to MMTV was confirmed
through the detection of viral sequences highly similar to MMTV in
the remains of Copper Age individuals, approximately 4500 years
old.?” It is highly plausible that a cross-species transmission event
occurred around 10,000 years ago, coinciding with the advent of agri-
culture in the Fertile Crescent region. This environmental shift facili-
tated the coexistence of humans, mice, and other animals, leading to
the transmission of various animal pathogens to humans. Subse-
quently, saliva may have emerged as a route for human-to-human

transmission. In 2004, Andrew Mason introduced the term Human
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Betaretrovirus (HBRV).2® This renaming was based on two key consid-
erations: first, the human virus has diverged from its direct link to
mice, warranting a distinct designation; second, HBRV has been asso-
ciated with diseases beyond breast pathology. Notably, HBRV remains
the only known betaretrovirus in humans.

The microscopic architecture of murine mammary tumors was
first described in 1958 by Thelma Brumfield Dunn, who identifies two
main types of neoplasia.?’ Type A tumors exhibited “a fine uniform
acinar structure”, while type B tumors “represented a diversified, mul-
tiform group in which the tumor is clearly of glandular origin, but in
which there are no predominant features”. Type B tumors were char-
acterized by a mixture of acinar structures, irregular glands, papillary
projections, and other architectural elements.

Sixty years ago, Francesco Squartini®® demonstrated that the bio-
logical and morphological diversity of mammary tumors across different
mouse strains depended on the specific MMTV strain harbored, rather
than the genetic background of the animals. For instance, MMTV-C3H
induces hormone-independent, highly metastatic type B adenocarci-
noma, with HAN (hyperplastic alveolar nodules) as preneoplastic lesions.
In contrast, MMTV-RIIl induces hormone-dependent, non-metastatic
type A adenocarcinoma, with plagques as preneoplastic lesions.

Human breast carcinoma exhibits a variety of histological archi-
tectures, which can be attributed to the molecular characteristics of
the neoplasm, as detailed in the Discussion section. However, no etio-
logical correlation has been identified to date.

Given insights from the MMTV murine model and the frequent
detection of HBRV sequences in human BC, we aimed to investigate
the distribution of viral positivity across different BC histotypes. This
study explores a potential correlation between the viral agent and

tumor architecture.

2 | MATERIALS AND METHODS

2.1 | Specimens

Formalin-fixed, paraffin-embedded (FFPE) tissue samples of invasive
breast carcinoma were obtained from the pathology archives of the
Universities of Pisa and Turin. Diagnoses were established accordingly
to the 2019 WHO Classification of Tumors, distinguishing between
“no special type—NST” and “special type” carcinomas. NST tumors,
which comprise 75%-80% of cases, lack distinctive histological fea-
tures and are graded G1-G3 based on mitotic count, nuclear atypia,
and tubule formation. The remaining 20%-25% of cases consist of
histologically distinct subtypes, with lobular carcinoma accounting for
10%, while other types are rare.

The study analyzed 253 cases of BC (Table 1 and Figure 1),
including 227 invasive tumors of various histotypes and 26 cases of
extensive ductal carcinoma in situ. Among NST tumors, 58 cases were
identified, including 5 G1, 9 G2, and 44 G3. Special type carcinomas
(169 cases) included adenoid cystic, apocrine, cribriform, lobular, lobu-
lar pleomorphic, medullary, metaplastic, micropapillary, mucinous,

neuroendocrine, and tubular subtypes.

Relevant for the discussion: (a) tubular carcinoma is a rare histo-
type characterized by highly differentiated tubular structures with open
lumina lined by a layer of epithelial cells; this variant has an excellent
prognosis; (b) extensive DCIS refers to DCIS associated with invasive
carcinoma, where the intraductal component constitutes >25% of the

invasive carcinoma area and extends into surrounding breast tissue.

2.2 | Laser microdissection

Epithelial cell populations were selected for molecular analysis using a
Leica automatic laser microdissector. Six-um sections were obtained
from each case using a new microtome blade per block, ensuring the

exclusion of stromal and inflammatory cells.

2.3 | Molecular analysis

2.3.1 | ENV analysis

Detection of MMTV/HMTV-ENV sequence was performed as
described by Beatriz Pogo®* and subsequent studies.? This sequence
analysis approach is highly reliable for FFPE tissues. The ENV gene is
of particular interest due to its potential role as an oncogene,®! as dis-
cussed later. Fluorescence-seminested PCR was employed to detect
ENV DNA. Primers were designed based on GenBank sequence
AF243039. Outer primers produced a 201-bp fragment, while the
inner primers yielded a 191-bp fragment.

Outer primers:

e Forward: 5-GATGGTATGAAGCAGGATGG-3'
o Reverse: 5-AAGGGTAAGTAACACAGGCAGATGTA-3'.

Inner primers (semi-nested PCR):

e Forward: 5'-AGCAGGATGGGTAGAACCTAC-3'

e Reverse: same as outer reverse primer.
PCR conditions:

e First round PCR: 50 pL reaction containing 1x standard PCR
buffer, 1.5 mM MgCl,, 200 uM dNTPs, 0.5 uM unlabeled reverse
primer, 0.5 uM 6-FAM labeled forward primer, 2.5 U AmpliTaq
Gold (Applied Biosystems), and 500 ng genomic DNA.

e Second round PCR: 2 pL of first-round PCR product in a 50 pL
reaction.

e Thermal cycling: initial denaturation: 94°C for 10 min; first-round:
40 cycles (94°C for 45 s, 58°C for 45s, 72°C for 60 s); second-
round: 30 cycles (same as first-round conditions); final extension:
72°C for 7 min.

Fluorescent amplicons were analyzed by capillary electrophore-
sis. A 3 uL nested-PCR product was mixed with 0.5 uL ROX-labeled
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TAFLE 1 . HBRV in human breast Total s G [T % of
carcinoma histotypes. Histotype number cases positivity
(A) Types positive for HBRV
(a) Invasive tumors
e NST (no special type) 58 16 28%
o G1 20%
° G2 9 4 44%
o G3 44 11 25%
e Special types
1. Adenoid cystic 5 2 40%
2. Cribriform 13 1 8%
3. Lobular 19 3 16%
4. Lobular pleomorphic 14 3 21%
5. Metaplastic 20 1 5%
6. Micropapillary 22 2 9%
7. Mucinous 26 4 15%
8. Neuroendocrine 5 1 20%
9. Tubular 22 13 59%
Total 204 46 22.5%
(b) DCIS associate to invasive tumors
1. DCIS extensive 26 5 19%
Total (@ + b) 230 49 21%
(B) Types negative for HBRV
(a) Invasive tumors
e Special types
1. Apocrine 16 0 0%
2. Medullary 7 0 0%
Total 23 0 0%
Grand total 253 51 20%

Note: The overall positivity rate was 20%. NST carcinomas showed a 28% of positive cases, with the G2 group
exhibiting double the positivity rate of G1 and G3. Sixteen cases of apocrine carcinoma and seven cases of
medullary carcinoma showed no viral sequences. Metaplastic carcinoma was largely negative. Cribriform and
micropapillary carcinomas had a positivity rate of <10%, while other histotypes ranged from 15% in mucinous
carcinoma to 59% in tubular carcinoma. The mean positivity rate was 22.5% for pure invasive tumors and 21%
when extensive DCIS was included. Extensive DCIS exhibited a 19% positivity rate, similar to pure invasive

tumors.

size standard (Gene Scan 400 HD ROX; Applied Biosystems)
and 11.5 pyL Hi-Di Formamide, denatured at 95°C for 3 min,
and loaded onto an ABI PRISM 3100 genetic analyzer
(GENESCAN software, v3.1). The ENV PCR fragment was puri-
fied (QIAquick Gel Extraction Kit, Qiagen) and sequenced (ABI
PRISM 3130XL). Sequences were aligned via BLAST (http://
blast.ncbi.nlm.nih.gov) against MMTV/HMTV sequences in Gen-
Bank (Figures 2 and 3).

2.3.2 | Mouse DNA contamination

Murine DNA contamination was ruled out by amplifying murine DNA

and intracisternal A-particle (IAP) sequences per Robinson et al.3?

(Figure 4).

(1) Murine Mitochondrial DNA Detection. PCR (286 bp fragment)
followed by semi-nested PCR (153 bp fragment) was performed:
First-round primers:

e Forward: 5-~-AGACGCACCTACGGTGAAGA-3'.
e Reverse: 5-AGAGTTTTGGTTCACGGAACATGA-3'.

Semi-nested PCR primer:

e Forward: 5-TGCCAAACCCCAAAAACACT-3' (reverse same as

first-round).

Reactions (50 plL) contained: 1x TaqGold buffer, 1.5 mM Mg?*,
200 uM dNTPs, 2.5 pmol of each primer, 0.25 U TaqGold polymerase,
and 3-5 uL DNA.
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FIGURE 2

Example of PCR detection of an MMTV/HBRV ENV sequence positive case. Representative capillary electrophoresis image

obtained via fluorescent fragment analysis, showing a positive case for ENV sequence amplification. The expected amplicon is 191 bp (red
asterisk) after the semi-nested PCR. Yellow peaks represent the ROX-labeled size standard.

Thermal cycling: 94°C for 7 min — 30 cycles (94°C for 30 s, 58°C
for 30 s, 72°C for 45 s) — final extension 72°C for 7 min.
(2) IAP Sequence Detection. PCR (250 bp fragment) was per-

formed with:

o Forward primer: 5'-ATAATCTGCGCATGAGCCAAGG-3'.
e Reverse primer: 5'-AGGAAGAACACCACAGACCAGA-3'.

Reaction conditions were identical to mitochondrial DNA
amplification.

e Thermal cycling: 94°C, 8 min — 40 cycles (94°C for 30 s, 58°C for
30s, 72°C for 20 s) — final extension 72°C, 7 min. Products were

visualized on 3% SYBR™ Safe-stained agarose gels.

24 | pl4 protein

A subset of invasive tumors was analyzed for the p14 phosphoprotein,
the MMTV/HMTV ENV signal peptide.>® Immunohistochemistry (IHC)
was performed using a primary rabbit polyclonal anti-MMTV-p14-
antibody (1:500 dilution). Staining was developed using diaminobenzi-
dine (DAB) chromogen (DAKO) and counterstained with hematoxylin.
Negative controls omitted the primary antibody (Figure 5).

2.5 | Biological markers

Estrogen and progesterone receptors (ER, PR) and Her2 were rou-

tinely evaluated.
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FIGURE 3 Confirmation of viral sequence by Sanger sequencing. A portion of the amplified fragment sequence is shown, confirming
alignment with GenBank accession number AF243039. This validates that the amplified PCR product corresponds to the MMTV-ENV region of
the MMTYV virus. The analysis was performed using the Sanger sequencing assay.
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FIGURE 4 Absence of contaminating murine DNA,
electrophoresis gel of murine DNA amplification. (A) Murine IAP—
Intracisternal A Particles LTRs. DNA from human HBRV-ENV positive
cases tested negative for IAP DNA. The expected amplicon is 250 bp.
S1-S8: Representative negative human cases. P: Murine positive
control. N: Negative PCR control. A 50 bp DNA ladder was used as
the molecular size marker. (B) Murine Mitochondrial DNA. DNA from
human HBRV-ENV positive cases tested negative for Murine
Mitochondrial DNA. The expected amplicon is 153 bp. S1-S8:
representative negative human cases. P: murine positive control. N:
negative PCR control. A 50 bp DNA ladder was used as the molecular
size marker.

2.6 | Statistical analysis

Descriptive statistics were performed using Microsoft Excel.

3 | RESULTS

3.1 | ENVsequence

The ENV sequence corresponding to GenBank accession number
AF243039 was confirmed by Sanger sequencing (Figures 2 and 3).
The absence of murine DNA (mitochondrial DNA and IAP LTRs) was
verified (Figure 4).

3.2 | Distribution of the env sequence among
histotypes

The overall positivity rate for the ENV sequence was 20% (Table 1
and Figure 1). NST carcinomas exhibited a 28% positivity rate, with
variations across histological grades: G1: 20%, G2: 44%, (double the
rate of G1 and G3), and G3: 25%.

Among special type carcinomas, none of the 16 apocrine
carcinoma and seven medullary carcinoma cases contained viral
sequences; metaplastic carcinoma was predominantly negative, with
only one positive case out of 20 (5%). These histotypes are closely
associated with hereditary breast cancer syndromes (Tables 1 and 2
and Figure 1).

Cribriform and micropapillary carcinomas had a positivity rate
<10%, while other histotypes ranged from 15% for mucinous carci-

noma to 59% for tubular carcinoma.
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FIGURE 5

Immunohistochemical analysis of p14 protein. (A-C) Two cases of ENV-positive NST invasive carcinomas showing p14 positivity;

C is an enlargement of B. (D) negative control of A, showing the absence of antibody staining. (E) an ENV-negative NST invasive carcinoma, also

negative for p14. Positivity is limited to cancer cells.

TABLE 2 HBRV in histotypes associated with hereditary cancer
syndromes.

No. of positive % of

Histotype Total number cases positivity
1. Apocrine 16 0 0%
2. Medullary 7 0 0%
3. Metaplastic 20 1 5%
Total 43 1 2%

Note: Medullary and apocrine carcinomas were negative for HBRV, while
metaplastic carcinoma was largely negative.

Extensive DCIS is defined as DCIS associated with invasive carci-
noma, as described in the Materials and Methods section. Extensive
DCIS exhibited a 19% positivity rate, comparable to the mean values
of pure invasive tumors (22.5%) and combined invasive and extensive
DCIS cases (21%). These findings align closely with the 26% positivity

rate observed in invasive breast carcinomas across 51 patient groups
worldwide, with a total of 5015 patients.?

The exceptionally high positivity in tubular carcinoma, the nega-
tivity in apocrine and medullary carcinoma, the near-negativity in
metaplastic carcinoma, and the findings for extensive DCIS will be dis-
cussed further.

3.3 | p1l4 protein

To assess viral protein expression, a subset of 40 invasive tumors
underwent IHC analysis for p14 protein, the signal peptide of MMTV
ENV identified by Jacob Hochman,®® who provided specific antibodies
for this study. IHC positivity was observed in 24 cases, while ENV
sequence was positive in 22 cases. Both methods yielded concordant

results in 38 cases (95%). Examples of positive cases (NST) and
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negative controls are shown in Figure 5. Positivity is limited to neo-

plastic cells.

34 | Biological markers

No correlation was observed between HBRV positivity and
biological parameters (ERs, PRs, HER2), consistent with previous
studies.®*

4 | DISCUSSION

A viral etiology for sporadic breast carcinoma is not unexpected, given
that several cancers, including those of the cervix, anogenital region,
mouth, throat, nasopharynx, esophagus, stomach, liver, and lymphatic
tissue (e.g., Burkitt's lymphoma and adult T-cell leukemia), as well as
Kaposi's sarcoma, have well-established viral origins. Additionally, meso-
thelioma and glioblastoma have also been suggested to have viral links.

Over the past 30 years, mounting evidence has supported a viral
etiology for both human breast cancer and primary biliary cholangitis.
Numerous studies have detected MMTV-like sequences in BC, with
frequencies exceeding the 40% initially reported.?

Lower detection rates may reflect geographical differences in
virus epidemiology or result from the inclusion of hereditary carcino-
mas, which have previously been shown to lack an association with
HBRV. Additionally, specific histotypes described in this study exhibit
little or no HBRV positivity, which may contribute to variability in
detection rates. Moreover, viral loss must be considered, as discussed
later in relation to the “hit and run” hypothesis.

Viral sequences have been detected in the dental calculus of indi-
viduals from the Copper Age?” and in the saliva of present-day
individuals.?® Furthermore, an MMTV-like betaretrovirus has been
isolated from patients with PBC.2° Significantly, experimental studies
have demonstrated that MMTV can infect human mammary cells.??24
This growing body of evidence supports the existence of a human
betaretrovirus, HBRV, a homolog of MMTV, with saliva emerging as a
potential route of transmission.

The identification of MMTV common integration sites (CIS) has
been pivotal in human breast cancer research, helping to uncover
genes and pathways associated with BC development and carcinogen-
esis in general.®> Consequently, it is plausible that HBRV exerts onco-
genic effects through insertional mutagenesis, though the precise
molecular mechanisms remain incompletely understood. Notably,
HBRYV insertion in human BC has been preliminary reported,?® sup-
porting its potential role in breast carcinogenesis.

In mice, the randomness of insertional mutagenesis is compen-
sated by the abundant quantity of viral particles in the milk, while in
human milk, viral particles have only rarely been identified. HBRV
sequences are frequently found in human saliva, though viral particles
themselves have yet to be detected.

These findings suggest that alternative mechanisms of transfor-

mation may be involved. Brian Salmons and Walter Giinzburg®¢~3®

JOURNAL of CANCER

have carefully discussed this point, emphasizing that several viral pro-
teins have characteristics of an oncogene. Specific references can be

found also in a recent review.?

e Env: the env protein's surface unit (SU) contains an immunorecep-
tor tyrosine-based activation motif (ITAM), which can initiate
malignant transformation of mammary epithelial cells by suppres-
sing apoptosis through Src tyrosine kinase signaling. Notably, the
Env protein of another betaretrovirus, Jaagsiekte sheep retrovirus
(JSRV), plays a role in ovine pulmonary adenocarcinoma (OPA)
oncogenesis.

e Sag: the superantigen has been shown to stimulate epithelial cell
proliferation and promote the tumorigenicity of hyperplastic mam-
mary epithelial cells.

e Gag: MMTV gag-encoded proteins have been demonstrated to
directly contribute to the transformation of mammary epithelial
cells.

e Naf: as a transcriptional repressor of the retroviral genome, it can
induce differential expression of proteins and reduce epithelial cell
growth.

e Rem and pl14 protein: the signal peptide (SP) of MMTYV, also
referred to as the p14 peptide/protein, is derived from the Rem or
Env proteins through doubly spliced mRNA. Rem is an internally
truncated form of the Env protein. The p14/SP phosphoprotein
undergoes phosphorylation at distinct sites, Serine 18 and Serine
65, by PKC and CK2 kinases, respectively. Notably, p14/SP can act
as an oncogene when phosphorylated by CK2 or function as a
tumor suppressor when phosphorylated by PKC.

e Activation of a Second Oncogenic Virus: MMTV might activate other
oncogenic viruses, such as EBV and HPV, which have been impli-
cated in human breast cancer. For instance, HIV-1 Tat protein can
activate KSHV (Kaposi's sarcoma-associated herpesvirus) by regu-
lating PIBK/PTEN/AKT/GSK-38 pathway.

o Cell fusion: viruses can propagate between host cells by inducing
the fusion of their cell membranes. This process can result in tetra-
ploidy, which may lead to cancer-associated aneuploidy through
deregulation of p53. Notably, all human oncogenic viruses have
the capacity to induce cell fusion and inhibit the functions of p53
and Rb. Virus-positive premalignant lesions more frequently exhibit
tetraploid tumor cells.

e ERVs/HERVs: in certain mouse strains, the MMTV genome can
integrate into the germline after infection, allowing vertical trans-
mission. This results in the permanent incorporation of the virus
into the host genome as an endogenous retrovirus (ERV), known as
Mtv. Although ERVs are typically non-pathogenic, Mtv in specific
mouse strains can induce mammary tumors and produce mature
viral particles in the milk. Human endogenous retroviruses (HERVs)
are the human analog of ERVs. HERV-K, a betaretrovirus-like
supergroup, shares sequence similarities with MMTV and has been
associated with various human cancers, including breast cancer.
The potential interaction between exogenous and endogenous
MMTYV remains an interesting area of investigation. Recently, tran-

scriptomic analyses have proven useful in characterizing HERV
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expression in human BC. This approach could serve as a powerful

tool for exploring the relationship between HBRV and HERVs.?

Recent studies suggest additional oncogenic mechanisms, though

independent confirmation is still needed:

o Global down regulation of gene expression: the expression of MMTV
has been shown to negatively affect gene expression, leading to
the down-regulation of critical signaling pathways, including Wnt,
Hedgehog, Focal adhesion, Rap1, Hippo, Egfr, Prolactin, PI3K-Akt-
mTOR, Ras, Metabolism, Inflammation, Estrogen, Glutathione, and
Vegf. This widespread disruption of gene expression may contrib-
ute to cell transformation. Additionally, researchers have identified
12 hub genes, either upregulated or downregulated, implicated in
the progression of human BC.°

e miRNA cluster miR-92: MMTV has been found to alter the expres-
sion of the host miR-17-92 cluster, frequently dysregulated in vari-
ous cancers, particularly BC.**

The microscopic architecture of cancer is not a random occur-
rence; rather, it reflects specific molecular alterations within the
tumor. Genetically engineered mouse models (GEMMs) have played a
crucial role in clarifying the link between genotype and phenotype in

mammary tumors. Key findings include the following*?~4%:

o K-ras, H-ras, ErbB2, and Met: these genes drive the development of
tumors exhibiting epithelial-mesenchymal transition (EMT) mor-
phology, resembling basal-like tumors in human BC.

e Myc: this oncogene can generate both EMT-like tumors and epi-
thelial tumors with papillary or microacinar architecture.

e Wap-Int3 (Notch 4): induces tumors with a papillary morphology.

e Hedgehog and WNT pathways: associated with squamous features
in tumors.

o Met: specifically linked to the development of basal-like neoplasms.

e E2F1 and E2F2 transcription factors: loss of E2F1 reduces the
incidence of adenosquamous tumors, whereas loss of E2F2
increases it.

e Wnt1: capable of transforming progenitor cells of both luminal and
myoepithelial lineages, resulting in tumors of diverse histotypes.

e PyMT (polyoma middle T): tumor outcomes are promoter depen-
dent: (1) MMTV-PyMT activates signaling pathways involving Src,
Ras, and PI3K, leading to adenocarcinomas driven by luminal epi-
thelial cells; (2) EF1a-PyMT10C lentivirus targets both luminal and
basal cells, producing tumors with either epithelial or EMT charac-
teristics; (3) Muc-PyMT10C lentivirus (mucin 1 promoter) generates

a rare lipid-rich tumor phenotype.

In contrast, the link between histotypes and their etiological fac-
tors remains largely unclear. Squartini's seminal paper®® emphasized
that the structural and biological characteristics of cancer are directly
influenced by the specific strain of the causative MMTV. Notably, in

2006, James Lawson and colleagues proposed a potential association

between the presence of MMTV sequences and certain types of
human breast carcinoma.*®

This study explores the distribution of HBRV-ENV/Env gene and
protein across different histotypes in a large cohort of human BC
cases. Our findings reveal that HBRV is present in all BC histotypes,
except medullary, apocrine, and metaplastic carcinomas. Previous
research®® has shown that hereditary BRCA-related breast cancers
are nearly always negative for viral sequences. This suggests a distinct
etiopathogenetic pathway driven mainly by inherited germline genetic
alterations rather than external factors. Interestingly, medullary carci-
noma! and metaplastic carcinoma®? are closely associated with
hereditary breast cancer syndromes involving BRCA genes. Notably,
apocrine carcinoma is linked to Cowden syndrome,”® a component of
the PTEN hamartomatous tumor syndrome, which also increases the
risk of BC and other malignancies.

As previously discussed, in the murine model, MMTYV plays a criti-
cal role in initiating the neoplastic process. This occurs through the
expression of Int genes, which drive the formation of early hyperplas-
tic preinvasive lesions. The subsequent progression of the disease,
including the development of invasive carcinoma and metastatic dis-
semination, is governed by molecular pathways activated by the same
Int genes. These concepts have been extensively discussed in several
authoritative studies.”?-3>>4-56

The “hit and run” hypothesis, first formulated in the 1976°” and
recently revisited,>® suggests that an oncogenic virus can initiate the
neoplastic process but may later be lost, leaving the cancer cell popu-
lation regulated by the molecular pathways it initially activated. These
pathways then drive the subsequent phases of cancer progression,
invasion and metastasis. This hypothesis implies that the actual contri-
bution of oncogenic viruses to cancer development may be
underestimated.

Several findings, some already described in human BC and others
newly reported in this study, warrant a unified interpretation in light

of the “hit and run” hypothesis:

a. Ductal carcinoma in situ (DCIS), an early preinvasive lesion, exhibits
the highest viral positivity rate ever observed, at 82%.”

b. Tubular carcinoma demonstrates the highest HBRV positivity rate
among invasive histotypes, approximately 60%. Molecular stud-
ies® suggest that this represents a distinct subtype of invasive
cancer, arrested in the early stages of progression. Its malignancy
is typically limited to local invasion without advancing to a more
aggressive form, making it biologically more comparable to DCIS
than to invasive tumors. Notably, tubular carcinoma frequently
coexists with DCIS foci.

c. Invasive sporadic carcinoma exhibits a significantly lower mean posi-
tivity rate, reduced by at least half>'” compared to DCIS. More-
over, quantitative PCR analysis has demonstrated a reduction or
loss of the virus in the invasive stage compared to DCIS.%”

d. Extensive DCIS, which constitutes an in situ component within an
invasive carcinoma, displays an HBRV positivity rate of 19%, com-

parable to that of pure NST (no special type) invasive cancers.
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e. Biological markers, including estrogen and progesterone receptor
expression and HER2 amplification, do not correlate with HBRV

positivity.

These data can be read as follows: (1) In DCIS and in tubular carci-
noma, where invasive and metastatic molecular pathways have not
yet been activated, the virus remains present and actively replicates.
(2) In other invasive histotypes, including extensive DCIS, tumor pro-
gression is driven by pathways activated by Int genes, rendering the
virus unnecessary. Consequently, it may be lost. Expanding invasive
cell clones, which become virus-free or harbor a low viral load, out-
compete still-infected clones. (3) Since biological markers reflect the
characteristics of the invasive cell population, which is no longer con-
nected to the virus, they cannot be correlated with the viral presence,
which is diminished or absent.

At the same time, this data add strength to the “hit and run”
hypothesis.

The precise mechanisms underlying the “hit and run” hypothesis
remain incompletely understood. Potential contributing factors
include viral loss due to genomic or chromosomal rearrangements,
immune-mediated clearances, or as-yet unidentified processes.

The overall findings presented in this article align with previous
reports suggesting that the virus plays a role in the etiology of nearly all
sporadic breast carcinoma cases. This is supported by the 82% HBRV
positivity rate in pure DCIS cases,'” the 80% positivity rate in invasive
BC documented by Axel et al. in 1972,* the detection of the virus
across all sporadic carcinoma histotypes, and, finally, the possibility of
viral loss. Insights from the murine model and GEMMs suggest that the
diverse histotypes observed in human BC may arise from the activation
of distinct molecular pathways by Int genes or from alternative onco-
genic mechanisms unrelated to insertional mutagenesis. Additionally,
the presence of different HBRV strains remains a possibility, adding
further complexity to the etiopathogenesis of breast cancer.

Some studies have proposed that the viral sequences detected in
human specimens may originate from human endogenous retroviruses
(HERV). However, the sequences identified in human tissues have been
conclusively demonstrated to be of exogenous origin, distinct from both
other animal exogenous betaretroviruses and all HERV-K HMLs.142”
Regarding the potential contamination of human tissues with murine
materials: (a) the presence of HBRV in human breast cancer has been
consistently observed worldwide, with most studies utilizing FFPE blocks
sourced from pathology department archives; (b) most laboratories
involved in these studies did not house mice; (c) this study, like others,
shows the concurrent presence of the ENV gene and the p14 protein;
and (d) it is implausible that contamination could account for the signifi-
cant differences in HBRV positivity between sporadic and hereditary
tumors, as demonstrated in prior research and corroborated by the pre-
sent study, given that both groups of tissues were obtained from the
same archives.? Notably, phylogenetic analysis has revealed a significant
relationship between human viral sequences and HMTV, MMTV, and
MMTV-C3H. Negative critiques often rely on outdated studies, some
published as long as 20 years ago,*® whose conclusions have since been

invalidated by more recent and rigorous investigations. These concerns

have been comprehensively addressed in recent publications,? which
provide further clarity and reinforce the reliability of the experimental
methods employed. Ultimately, the conclusive identification of HBRV

insertion in human BC would contribute to resolving this controversy.?®

5 | CONCLUSION

This study suggests that the Human Betaretrovirus plays a role in the
etiology of nearly all cases of human sporadic breast carcinoma, being
detected across all histotypes except those typically associated with
hereditary breast carcinoma, where the absence of a viral agent is well
established. Based on the murine MMTV model, the diversity of histo-
logical subtypes observed in human sporadic breast carcinoma may
result from the activation of different molecular pathways, as occurs
during insertional mutagenesis, from alternative oncogenic mecha-
nisms unrelated to insertional mutagenesis, or from the potential exis-

tence of diverse HBRYV strains.
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