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Abstract

The prevalence of breast cancer is rising worldwide. The main cause of death from breast cancer is distant
metastasis, which occurs within 3 years after diagnosis in 10–15% of patients. The initiation and progression of
breast cancer have been related to both external and internal factors, including viral infection. Human
cytomegalovirus infection (HCMV) is common in breast cancer and metastases, and high tumor levels of HCMV
appear to worsen outcomes. HCMV can increase the malignant behavior of tumor cells by modulating multiple
cellular regulatory and signaling pathways and enhance the proliferation, survival, invasion, motility, and adhesion of
tumor cells. Although HCMV seems to have an oncomodulatory role in breast cancer, definitive evidence for a
causal role is lacking, and further studies are needed. The current review will discuss evidence that links viral
infections to breast cancer.
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Breast Cancer
Breast cancer has been mentioned in almost every period of

documented history, beginning with the Egyptians, who described the
disease some 3500 years ago [1-4]. The discovery of X-rays in 1895
gave physicians a tool for detecting breast tumors, identifying tumor
borders, defining tumor spread, and localizing breast tumors for
pathological analysis [5,6]. In 1985, a randomized trial of 134,867
women aged 40–74 showed that mammography reduced mortality
from breast cancer by 31% [7].

The number of breast cancer cases is increasing worldwide. Reports
from Cancer Research UK showed that breast cancer was diagnosed in
49,900 women in 2011, a 72% increase since the mid-1970s [8]. In
2011, over 508,000 women in the world died from breast cancer [9]. In
the same year, the World Health Organization reported differences in
the incidence of breast cancer worldwide, from 89.7 per 100,000
women in Western Europe to 19.3 per 100,000 women in Eastern
Africa [9]. The Swedish Social Board reported that breast cancer was
the most common cancer in women, responsible for 30.3% of cases,
and that the average annual increase was 1.3% over the preceding two
decades [10]. In the US, during 2007–2011, the prevalence of breast
cancer was as high as 124.6 per 100,000 per year and the number of
yearly deaths was 22.2 per 100,000 [11]. Latest world breast cancer
statistics from 2012, present increased breast cancer incidence by more
than 20% since 2008, while mortality is increased by 14% and breast
cancer represents one in four of all cancers in women [12].

The prognosis for breast cancer patients has improved
tremendously in the past two decades. Recent studies demonstrate a 5-
year overall survival rate of 90%, and a decline in mortality between
1975 and 2006 [13].

Several risk factors have been associated to development of breast
cancer including weight, diet, exercise, alcohol consumption, smoking,
exposure to estrogen, recent oral contraceptive use, stress and anxiety,
gender (being a woman is the most significant risk factor for
developing breast cancer), high age, never breastfed a child, family
history of breast cancer, radiation therapy to the chest, hyperplasia in
breast cells in breast biopsy, Lobular carcinoma in situ,
mammographically dense breasts, personal history of endometrium,
ovary, or colon cancer and exposure to estrogen (in environment for
instance in meat) [14].

Despite advances in therapy, however, metastatic breast cancer
remains incurable, with a 5-year survival rate of only 23% [15].
Treatment options are lacking, largely because the biological processes
underlying tumor progression and metastasis are not fully understood.

The origin of breast cancers has been suggested to be ductal or
lobular. Ductal carcinoma is the most common type; especially at later
stages, symptoms become visible with the formation of lumps. Breast
cancers are divided into three subtypes: about 60% are estrogen- or
progesterone-positive (ER/PR), 20% have increased expression of the
oncogene human epidermal growth factor receptor 2 (HER-2/neu),
and 20% are triple-negative, lacking expression of ER, PR, and
Her-2/neu [16-19].

The development of breast cancer has been linked to several
internal and external risk factors. The internal factors include
inherited mutations and epigenetic alterations in the BRCA1/BRCA2
genes [20], a family history of breast cancer, ethnicity, dense breast
tissue, lifestyle, hormonal contraception, and obesity [21]. Notable
external factors include infections [22] and viruses. One virus in
particular has received increasing attention: we and others have found
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that human cytomegalovirus (HCMV) infection is highly prevalent in
breast cancer tissues and in lymph nodes and brain metastases from
breast cancer patients [23-25]. Moreover, outcomes appear to be worse
in patients with high levels of HCMV in their tumors or metastases.
Despite the possible role of this virus in the initiation and progression
of breast cancer, definitive evidence for a causal role is lacking.

Viral Infections Possibly Linked to Breast Cancer

Promotion of tumorigenesis by Mouse mammary tumor
virus (MMTV) in breast cancer

MMTV is a milk-transmitted retrovirus that leads to mammary
tumors in adult mice [26]. MMTV was linked to human breast cancer
approximately 50 years ago [26]. In 1971, B particles resembling
MMTV were found in milk from a majority of breast cancer patients
[27,28]. MMTV transcripts were identified in breast cancer samples in
some studies but not in others [28,29]. In 1989, the discovery that
insertion of the MMTV pro-viral genome activated pro-oncogenes was
awarded the Nobel prize [30]. Several animal studies have shown that
MMTV, acting as an insertional mutagen, activates and cooperates
with three families of proto-oncogenes: Wnt genes, FGF genes, and
Notch-related genes [31-33]. Other studies have shown tumor
development in MMTV-cyclin D1 transgenic mice, which emphasizes
the importance of cyclin D1 in breast cancer [34,35]. Alterations in
expression of these genes can cause unlimited cell growth and
migration, which can lead to tumor development [36].

Current evidence suggests that, in breast cancer specimens, MMTV
infection is present at low levels, and the viral genome can be detected
only by PCR, casting doubt on the link between MMTV and breast
cancer [28]. In addition, MMTV has not been shown to integrate into
human DNA and trigger an oncogenic pathway leading to breast
cancer in humans [28]. Thus, the Hill and Koch criteria for a causative
role of MMTV in breast cancer have not been met. Isolation of MMTV
from breast cancer specimens would also be required to show that
MMTV has a role in the disease [28].

Promotion of tumorigenesis by Polyomaviruses in breast
cancer

Polyomaviruses such as SV40, JCV, BK, and Merkel cell
polyomavirus are small non-enveloped DNA viruses that have been
associated with several forms of cancer [37]. JCV-T-antigen binds to
and affects the function of p53 and beta-catenin and causes G2 cell
arrest by activating G2-mediated pathways [38].

The notion that SV40 is involved in breast cancer and other human
malignancies arose in the 1950s [39], when it was discovered that an
SV40-contaminated vaccine had been used for mass immunizations
for polio [39]. Thorough epidemiological studies concluded that
vaccine recipients did not have a higher incidence of cancer,
suggesting that SV40 is not a clinically relevant human oncovirus.
However, in an animal model, expression of SV40 large T-antigen
altered gene expression in mammary epithelia cells by binding to Rb
proteins, which led to cell immortalization, pre-neoplastic lesions, and
invasive metastatic cancer [38,40,41].

In a study of human BK and JCV in breast carcinoma, 23% of
tumor specimens were positive for JCV virus, but none were positive
for BK virus, and neither virus was found in adjacent nontumor tissue
[42]. In other studies, JCV was not detected in breast cancer tissues,

and MCV was found in only 2% [43,44]. Thus, the role of
polyomaviruses in breast cancer is still controversial and under
investigation.

Promotion of tumorigenesis by Human papilloma virus
(HPV) in breast cancer

HPV, a small DNA virus that infects skin, mucosal membranes, and
keratinocytes, is highly associated with cervical cancer. HPV-16 and 18
are thought to cause 70% of all cervical cancers [45]. The viral
sequences are integrated into the host cellular DNA [45] and can
significantly enhance the activity of c-Myc, which is also overexpressed
in breast cancer and other malignancies [45]. The HPV early genes E6
and E7 encode proteins that confer oncogenic functions [46]. They can
inactivate p53 and pRB [47] and enhance telomerase activity and cause
immortalization of infected cells [48]. HPV has been detected in breast
cancer after menarche, and also been during pregnancy and lactation,
which confirms that latent virus can be re-activated by sex hormones
[49]. In vitro, HPV infection can immortalize mammary epithelial
cells [50]. However, the presence of HPV in breast cancer is
controversial [51,52].

Promotion of tumorigenesis by Human Epstein-Barr virus
(EBV) in breast cancer

EBV, a ubiquitous DNA virus of the Herpesviridae family, infects
more than 90% of world’s population [53,54]. The infection is usually
asymptomatic in children, but may cause severe mononucleosis,
prolonged fever, and malaise in teenagers and adults. EBV infects and
replicates in B-cells and establishes life-long persistence in the B-cell
pool [54]. During latency, at least 8 EBV-encoded nuclear or
membrane proteins and several small noncoding viral RNAs including
EBNA-1 and EBNA-2 are expressed [53,54]. Latent virus can be
reactivated periodically, especially in carriers who are
immunosuppressed [53,54].

Several malignant diseases have been associated with EBV in
immunocompromised patients, including endemic Burkitt lymphoma,
T-cell lymphoma, nasopharyngeal carcinoma, Hodgkin’s lymphoma,
and immunoblastic lymphoma [55]. In these patients, EBV antibody
levels are usually elevated, and EBV nucleic acids and latency proteins
have been detected in clinical samples [55]. Despite its high
prevalence, EBV is believed to cause malignancy only in a small subset
of individuals, perhaps because the virus acts in concert with genetic
aberrations or mutations or with other infections and environmental
factors. Gruhne et al. showed that three EBV latency proteins (EBV
nuclear antigens 1 and 3C and latent membrane protein 1)
independently promote genomic instability, which is a hallmark of
cancer and is associated with chromosomal aberrations and
deregulation of tumor suppressor genes [56-58]. Furthermore, EBV
latency proteins restore tumorigenicity, suppress apoptosis by
targeting expression of c-MYC and by elevated levels of Bcl-2 [59].

EBV has also been associated with gastric carcinoma, breast cancer,
and other epithelial malignancies. However, evidence for the
association with breast cancer is conflicting. In some studies, EBV-
DNA and proteins were found in 50% of breast cancer specimens and
12% of adjacent nontumor breast tissues; in other studies, however,
the virus was undetectable in breast tumors [60-62].
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Promotion of tumorigenesis by Human Cytomegalovirus
(HCMV) in breast cancer

HCMV is a DNA virus of the Herpesviridae family. The prevalence
of HCMV ranges from 60–80% in developed countries to
approximately 100% in developing countries [63]. After a primary
infection, HCMV establish latency in a small percentage of peripheral
blood monocytes [64] and in CD34+ myeloid progenitor cells in bone
marrow [65]. The virus can be reactivated by inflammation and
immune activation and may lead to severe disease in
immunosuppressed patients [66,67]. However, transcripts associated
with HCMV latency (e.g., UL81-82, UL138 open reading frame,
UL111a, and US28) and expression of immunogenic proteins (e.g.,
latency unique natural antigen) have been reported during latency and
may stimulate the immune system [68,69].

HCMV causes morbidity and mortality in AIDS patients, transplant
recipients, and other immunocompromised individuals [70]. Primary
HCMV infection in pregnant women is rare but results in congenital
infection in about two thirds of cases. Such infections can seriously
damage the central nervous system (CNS), leading to mental
retardation, hearing loss, and visual impairment [71]. In about 90% of
HCMV-seropositive mothers, reactivated HCMV in breast milk can
cause subclinical infections in infants; as a result, HCMV is found in
30–40% of 1-year-old children [72]. These observations reveal an
additional site of persistent HCMV infection that may have
implications for breast cancer development.

HCMV infection contributes to the pathogenesis of chronic
inflammatory conditions such as inflammatory bowel diseases [73],
cardiovascular diseases [74], transplant vascular sclerosis (TVS) in
solid organ transplant recipients [75], systemic lupus erythematosus
[76], and rheumatoid arthritis [77]. In fact, the inflammatory milieu is
an excellent environment for reactivation of latent HCMV.
Reactivated HCMV can then boost inflammation by inducing
expression of COX-2 and 5-lipoxygenase and by enhancing the
production of inflammatory factors such as leukotriens,
prostaglandins, interleukin (IL)-1, IL-6, IL-8, IL-10, RANTES,
monocyte chemoattractant protein 1, and macrophage inflammatory
protein 1. In chronic inflammatory diseases, the constant release of
inflammatory cytokines may result in migration of more latently
infected peripheral blood monocytes to inflamed tissues, which can
differentiate into macrophages (MQ)/dendritic cells (DCs) and
reactivation of latent virus. HCMV infection can then spread to nearby
cells of various types, including vessel endothelial, smooth muscle,
epithelial, glial, stromal, and neuronal cells, fibroblasts, and
hepatocytes and may exacerbate malignant disease by enhancing the
production of inflammatory factors.

Chronic inflammation has long been associated with cancer and is
now an established hallmark [78], along with genetic modifications,
self-sufficient and uncontrolled cellular growth, activated oncogenes,
dysfunctional tumor suppressors, lack of response to anti-proliferative
signals, and evasion of apoptosis, all of which contribute
fundamentally to oncogenesis [79,80]. Pathogens may cause chronic
infection or irritation that furthers cancer development through the
production of free radicals, which can lead to oxidative damage,
nitration of DNA bases, and increased risk of DNA mutations [81].

HCMV infection has been linked to breast cancer in several studies
over the last decade. Studies that relied on HCMV serology showed
increased levels of IgG antibodies against HCMV in breast cancer
patients [82,83]. In particular, the higher prevalence of HCMV in

young women with inflammatory breast cancer [84] supports the
hypothesis HCMV infection contributes to breast cancer. We and
others have shown a very high prevalence of HCMV proteins and
nucleic acids in tumor tissues and in lymph node and brain metastases
of women with breast cancer [23-25]. More than 90% of primary
tumors, 94% of lymph node metastases, and 98% of brain metastases
of breast cancer are HCMV positive. Interestingly the infection is
largely restricted to tumor cells, although some endothelial cells and
inflammatory cells may also be positive. The reason why early studies
failed to detect HCMV in breast cancer tissues might be the lack of the
advanced laboratory techniques available today to diagnose HCMV
infection in tumor specimens.

Although HCMV is highly prevalent in certain tumor tissues, its
potential causative role in tumor development is poorly understood.
Since HCMV cannot cause malignant transformation of cells, it is not
considered to be oncogenic. During evolution HCMV has co-exist in
human and has developed mechanisms to avoid viral elimination by
the immune system, establishes latency and adapted to persist in the
immunocompetent host. HCMV infection may protect tumor cells
from apoptosis by expression of HCMV-IE anti-apoptotic proteins
IE1, IE2, UL36, UL37, and UL38 to avoid immune clearance by NK
and cytotoxic T cells. HCMV anti-apoptotic proteins inhibit apoptosis
by upregulating Bcl-2-like activity and blocking the cleavage of
procaspase-8, which may results in resistant to chemotherapeutic
agents [85]. Notably, previous studies have reported increased
expression of Bcl-2 in HCMV infected neuroblastoma and colon
carcinoma cell lines with significantly less sensitivity to cytotoxic
agents, which was restored by ganciclovir treatment and lowering
Bc1-2 levels in these cells [85]. HCMV-UL36 expression in tumor cells
may contribute to tumorigenesis of the cells by expression of a viral
cell-death suppressor (vICA) [86,87]. In addition, HCMV infection in
tumor cells may enhance tumorgenecity of these cells by increasing
AKt activity (cellular protein kinase B) via activation of P13-K
pathway and alteration in cellular metabolism and inhibition of
apoptosis [88]. HCMV-IE2 mediates apoptotic control in HCMV
retinitis by upregulating the expression of cellular FLICE-inhibitory
protein [89-91]. Baillie et al have previously shown an anti-apoptotic
effect of HCMV in Glioblastoma cells by induced reduction in TNF
receptor-1 expression and consecutively inhibition of TNF-alpha
signaling [89]. Moreover, expression of HCMV-US2 and US11 gene
products in tumor cells may protect these cells from immune
recognition and NK cell-mediated killing by down regulating
expression of HLA-I and HLA-II [92].

Nevertheless, the virus has oncomodulatory effects on tumor cells
that may lead to a more aggressive phenotype and a poor response to
chemotherapy and immunotherapy. Thus, like oncogenic DNA
viruses such as HPV and adenovirus, HCMV can increase the
malignancy of tumor cells by modulating regulatory and signaling
pathways to enhance their proliferation, survival, invasion, motility,
and adhesion and by providing sophisticated strategies to avoid
immune recognition and killing of infected cells [90]. For example,
HCMV proteins can influence cell cycle progression by interacting
with regulatory proteins. HCMV infection induces cell cycle arrest by
inhibiting cyclin-A expression, resulting in inhibition of cellular DNA
synthesis and enhance cell cycle progression by increasing cyclin-E
and it is associated kinase activity (CDK2), which is required for G1/S
transition [91]. Cyclin E/CDK2 phosphorylates a tumor suppressor
protein “Retinoblastoma protein (Rb)” and release E2F transcription
factor and drive cells to S-phase [92] In addition, the HCMV
immediate early protein (IE) 72, IE86, and tegument protein pp71
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bind to members of retinoblastoma family (Rb) in the cells and
activate the transcription factor E2F and induce expression of S-phase
genes [90]. Previous studies have shown a correlation between over-
expression of cyclin E with tumorigenesis in certain tumors including
breast cancer [93] Moreover, in infected cells, HCMV proteins IE86
and UL111A (which encodes morphological transforming region II)
and UL44 can interact with and inhibit the function of p53 and control
p21 degradation, resulting in increased expression of cyclins, which
are essential for DNA replication during the G1 phase [94,95]. In
addition, HCMV-IE 72 and 86 proteins disrupt cell cycle and induce
oncogenic transformation in combination with Adenovirus E1A
oncogenic proteins [96] HCMV also enhances the transcriptional
activity of fos, jun, myc, and other oncogenes [97]. Furthermore,
HCMV infection can drive neoplastic transformation in vulnerable
adult stem cells by causing chromosomal damage in positions 1q42
and 1q21 [98,99]. Interestingly, the possible targets near 1q42 and
1q21 are potential tumor suppressor genes, whose deletion has been
linked to gliomas and primary breast cancer, respectively [100,101].

HCMV-UL76 protein can induce DNA damage, apoptosis, cell
cycle arrest [102] and inhibition of DNA repair machinery [103].
Previous studies have shown expression of HCMV-UL76 is not
restricted to lytic replication and HCMV-UL76 can be detected in
latently infected hematopoietic CD34+ cells and stable expression of
HCMV-UL76 in glioblastoma cells inhibits viral replication in these
cells [104,105]. Persistent expression of HCMV-UL76 in the cells and
inhibition of viral replication leads to accumulation of multiple
chromosome aberrations, chromosome misalignments, and increased
formation of micronuclei containing activated DNA damage signal γ-
H2AX [102].

US28, a G protein-coupled receptor encoded by HCMV, affects the
Wnt signaling pathway by activating beta catenin and induces
oncogenesis in vivo [106]. Activated beta catenin is frequently detected
in invasive breast cancer and has a high impact on worsens patient
outcome [107]. In addition, Maussang et al. has previously shown cell
cycle progression and cyclin D1 expression by US28 in cells with
neoplastic phenotype [108]. Previously, we showed that HCMV IE72
stimulates telomerase activity, which further supports the
oncomodulatory activity of this virus [109-111].

In breast cancer patients, we found a high prevalence of HCMV
infection in lymph node and brain metastases [23,24]. The main cause
of death in these women is metastases to distant organs, which occurs
within 3 years after diagnosis in about 10–15% of patients [112].
HCMV infection may influence breast cancer metastasis by different
means, possibly by increasing expression of factors important in
inflammation and angiogenesis and by inducing epithelial-to-
mesenchymal transition [113]. HCMV infection enhances the
production of potential inflammatory factors, including prostaglandin
E2 and leukotriene B4, by inducing expression of COX-2 and 5-
lipoxygenase, respectively. These inflammatory factors are also
involved in cellular proliferation and migration, angiogenesis, and
metastasis formation and are targets for nonsteroidal anti-
inflammatory drugs (NSAIDs) [106,114,115]. Interestingly, NSAIDs
also have anti-HCMV activity [116]. Epidemiological studies support
the hypothesis that inflammation is a factor in tumor development.
Long-term use of NSAIDs is strongly associated with a decreased
incidence of breast cancer and other malignancies [117], perhaps
through a mechanism involving HCMV’s effects on COX expression.

Vascular endothelial growth factor (VEGF), which is important in
vascular permeability and tumor angiogenesis, is highly expressed in

breast cancer metastases [118,119]. Of note, HCMV increases VEGF
production. This effect is mediated by US28, an HCMV-encoded
chemokine receptor homologue [120] that may be oncomodulatory or
even oncogenic [106,114]. US28 protein expression enhances
angiogenesis and cellular proliferation by increasing the release of IL-6
and VEGF and the phosphorylation of STAT-3 [106,114].
Furthermore, HCMV-UL146 and UL-147 encodes for viral homolog
of CXCL1 (growth related oncogene; Gro-alpha) a potent chemokine
with significant role in angiogenesis and may contribute to tumor
angiogenesis [88]. In addition, HCMV infection may further
contribute to tumor genesis and tumor growth by impairing
production of TSP-1 and TSP-2 in HCMV infected cells. Increased
vascular count density and high grade of glioblastoma has been
associated with lack of TSP-2 [88]. Glioblastoma tumors reported to be
frequently HCMV positive [121-127].

In addition, interaction between HCMV and PDGF-R alpha leads
to STAT3 hyperactivation and enhanced cellular proliferation [128].

Moreover, HCMV infection induces CD40 on the surface of the
infected cells that interact with CD40L and results in VEGF
production [129]. Moreover, increased expression of integrin αvβ3,
CXCR4/SDF-1, and CD44 may promote angiogenesis and initiate
metastasis formation [130-132]. High expression of HCMV US27,
another putative chemokine receptor, has been associated with
enhanced expression of CXCR4 and induces cellular migration [133].
In addition, HCMV infection increase expression of CD44, which
increases cell–cell interactions, cell adhesion, and migration of infected
cells [134].

Emerging evidence suggests that HCMV protein and nucleic acids
are common in other malignancies, including glioblastoma (GBM),
neuroblastoma, medulloblastoma, and rhabdomyosrcoma.
Interestingly, clinical studies from our hospital showed that GBM
patients benefit from long-term treatment with the anti-HCMV drug
valganciclovir (Valcyte) as an add-on to standard therapy [135,136].
The 2-year survival rate was higher in treated patients than in
contemporary controls (62% vs. 18%) of similar age, disease stage,
surgical resection grade, and baseline treatment [135,136]. It is not
known whether this well-tolerated treatment could reduce morbidity
and mortality among women with breast cancer, and especially their
risk of developing metastatic breast cancer.

In conclusion, HCMV appears to be highly prevalent in primary
and metastatic breast cancer. Further biological studies are needed to
assess the role of HCMV in the pathogenesis and progression of the
disease. Clinical trials should be considered to evaluate the efficacy of
antiviral therapy targeting HCMV as add-on to standard therapies for
breast cancer, especially in patients at high risk of metastatic disease.
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