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F I~V R ST

Hub Genes and Their Relevance to Viral Infections and MMTYV Biology

The upregulated expression of immune regulator chemokine Ccl2 (also called as monocyte
chemoattractant Protein-1: MCP-1) is associated with varied immune conditions and clearing acute
viral infections, and was observed to be elevated during viral infections [1]. Ccl2 regulates
inflammatory monocytes recruitment via its receptor CcR2. Mice deficient in Ccl2 show induced
monocyte infiltration [2], whereas, amelioration of CCL2 or CCR2 deficiency could protect against viral
infections [3] and associated diseases. Moreover, its overexpression has been observed in cancer/tumor
progression and angiogenesis in many cancer types, including human breast cancer [4]. Similarly,
upregulation of Ccl2 levels have been associated with disease severity in cancer, especially human
breast cancer [5, 6]. Overall, induced expression of Ccl2 in this study might trigger surveillance of cells
against MMTYV infection, as observed in other viral infections.

We also observed upregulated expression of important immune responsive hub gene Icaml
(Intercellular cell adhesion molecule-1). Icam]1 is involved in multi-stage adhesion and transcellular
migration. Both epithelial and immune cells show induced Icam1 levels in response to inflammatory
stimulation [7]. Icam1 is not only involved in recruiting macrophages and lymphocytes, but there is
evidence that it is also used by pathogens, especially viruses, for adhesion and invasion during infection
[8]. Icam1 has also been proposed as a possible agent cancer biomarker since it is associated with cancer
metastasis [9]. Icam1 activation stimulates TNF and NFKB pathways that in-turn regulate neutrophil
production. The TNF pathway upregulated in our study reflects the innate immune cellular response
against MMTYV infection in mammary epithelia cells, as detected in bovine mammary epithelial cells
and human retinal pigment epithelial cells [10, 11]. Interestingly, Icam1 also triggers NFKB pathway
during the viral infections especially in cold viruses in lung epithelial cells that may enhance cellular
inflammatory response and apoptosis to clear the infected cells [12]. We also observed induced NF&B
pathway in our study in the MMTYV phenotype, although it was not statistically significant. It has been
evident that viral infection dysregulates immune system and increased expression of Icam-1 and other
adhesion molecules like integrins and angiogenic proteins [13, 14]. Angiopoietin-2 (Angpt2) gene is a
family member of angiopoietin growth factors and is involved in tumorigenesis as invasion, migration
and angiogenesis are key factors in cancer cell progression. Moreover, there is also role of angiopoietins
in inflammation, cell survival, cell migration and invasion. In our study, MMTYV infected cells showed
upregulated Angpt?2 levels. Induced levels of Angpt2 were observed in patients infected with dengue
virus [15] and by other viral infections [16], and are associated with neoplasia. Angpt2 was also shown
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to be upregulated in multiple inflammatory diseases and may induce endothelial cell apoptosis by
disrupting vascular remodeling of angiopoietin 1 [17-19]. Although tumor angiogenesis is associated
with increased Vegf, we found downregulation of Vegf pathway in our study. Interestingly, Vegft
positively regulate angiogenesis and many Vegf inhibitors have been used as possible cancer therapies
[20].

We observed downregulated expression of Itgam hub gene in MMTV-infected cells. (Fig. 7). Itgam
is a member of integrin a subfamily that modulates several diseases like cancer, inflammation, and
other infectious diseases. Itgam may be involved in adhesion and tumor cell dispersal in cancers [21].
Integrins performs several normal cellular functions, including attachment to extracellular regions, cell
adhesion, cell movement that mediates signal transduction. Thus disruption of Itgam expression could
affect apoptosis, proliferation, differentiation, and invasion [22]. Although the precise mechanism of
action of Itgam has not been elucidated, it has been observed to be upregulated in normal cells and not
in adjacent cancerous cells [23].

Another important hub gene upregulated in our study was an earliest known oncogene Myc (Fig.
7). Myc activation has been known as a hallmark of cancer initiation and progression as its upregulation
has been found to induce angiogenesis by suppressing host immune responses [24]. A recent study by
Khalid et al found positive correlation between MMTYV presence and c-Myc over-expression in invasive
breast cancer samples [25]. Interestingly, Myc suppression resulted in restoration of normal cellular
activities and finally reversal of tumorigenesis [26, 27]. Upregulated Myc levels induce apoptosis, a
safeguard mechanism against the viral infection [28]. We also observed induced apoptotic pathway in
MMTYV infected cells (Table 2). Myc has been found to regulate multiple cellular pathways, like cell
cycle, energy metabolism, and cellular stress response. Interestingly, under normal cellular conditions,
Myc activities are regulated under the strict umbrella of several signaling pathways, including Wnt,
Notch, Hedgehog and Tgfb [29]. Remarkably, most of these pathways were downregulated after
MMTYV expression in our study.

We found differential regulation of multiple genes associated with extracellular matrix (ECM).
Downregulation of genes expressing most abundant ECM proteins known as collagens was an
interesting observation. These genes include Collal, Colla2, Col6a3 and Col9a2 after MMTV
expression (Fig. 7). In our study, Collal and Colla2 were predicted as hub genes that transcribe
collagen proteins 1 and 2, respectively, another important component of ECM. Both Collal and Colla2
have been proposed as diagnostic markers in different cancer types [30, 31] and induced levels of these
were observed in most cancers, including human breast cancer, as shown in Fig. 6d. Although the exact
role of collagens is not clear during viral infection, MHV68 viral-infected mouse model showed
upregulation of IncRNAs that are associated with collagens [32]. It is worth to note that collagens not
only support cellular mechanical structure, but also block infective agents, including viruses. Viruses
and other infectious agents secrete collagenases and other proteases to destroy collagen barriers [33,
34]. As ECM proteins are involved in regulating cancer cell behavior and tumorigenesis, any
irregularity in ECM proteins may alter tissues integrity and structure [35]. For example, expression of
CD34 (a hub gene in our study), a cell surface sialomucin, plays an important role in vessel
development and function. In fact, several hematopoietic cells containing CD34 can repress tumor
growth after their interaction with tumor cells through modulating angiogenesis, tissue remodeling
and immune response [36, 37]. However, at the same time, CD34 can induce tumors by maintaining
appropriate vessel assembly [38]. Thus, there is a possibility that reduced CD34 expression might
facilitate tumor progression after prolonged MMTV expression. Elastin (Eln) is another ECM-
associated fibrous protein involved in tissues integrity, and higher levels of EIn protein are associated
with many cancers [39]. We hypothesize that reduction in ECM-associated genes expression is a
MMTV-induced phenomenon to ease cellular entry.

There was also reduced expression of Acta2 after MMTV expression (Fig. 7). Like ECM genes,
Acta? is also responsible for maintaining cell shape, structure and movement [40]. Acta2 levels were
found to be downregulated in most of cancers as well as in breast cancers (Fig. 10). Acta2
downregulation in human lung adenocarcinoma PC14PE6 cells results in impaired migration, invasion,
penetration and clonogenicity of diseased cells. This causes lower metastatic potential of cells without
changing their tumorigenic potential [41].



Most of the hub genes found in this study were associated with host immune response and most
of the chemokines and their receptors are likely to be targeted during pathogen attack. Cxcl12
(Chemokine C-X-C motif chemokine ligand, also known as SDF-1 or stromal cell-derived factor-1)
along with its receptor, CxcR4, has been shown to modulate several cellular mechanisms like immune
surveillance, hematopoiesis and development [42, 43]. The CxcRr-Cxcl12 axis has been found to be
exploited during virus entry. Upregulated levels of CxcR4 were found to facilitate viruses and microbial
infections in WHIM by reducing white blood cells and neutrophils [44]. Meanwhile, induced CxcR4
expression was associated with metastasis and inhibition of Cxcl12 was found to reduce metastasis in
mouse models by reinforcing its normal functions [44, 45]. It is interesting to note that the CxcRr-Cxcl12
axis has been identified as a main character of viral entry in retroviruses. During HIV infection, virus
entry in the host cells is accomplished by forming a complex between env protein gp120 and host CD4
with CxcR4 [46]. Up-regulation of Cxcl12 and cxcR4 was also found during HTLV-1 infection [47]. This
expression was mediated through Tax1, an oncoprotein encoded by HTLV-1 [48]. Reduced Cxcl12
levels in our study may be a host response to avoid viral entry in MMTV-infected cells.

Another important target suggested as a hub gene in our study is insulin-like growth factor-1 (Igf1)
(Fig. 7). Upon interaction with receptor Igf-1R, two most important cellular pathways, PI3K-AKT and
MAPK, get activated that are associated with cell proliferation and anti-apoptosis cascades [49, 50]. It
has been evident that most of the viruses utilize PI3-AKT pathway during cell entry and inhibition of
PI3-AKT pathways could block viral entry [50]. Most of the viruses either hijack the Igf-1R signaling or
interfere with PI3-AKT/ Ras/ MAPK signaling pathways and interfere with phosphorylation of several
cellular proteins to ease viral infection and replication [50-54]. Interestingly, activation of Ifg receptor
by Igfl or Igf2 triggers activation of PI3-AKT-mTOR, Ras, Raf, Foxo and Mapk cascades [55]. Thus,
downregulation of these pathways observed in our study during post MMTV expression could be due
to reduced Igfl or Igf2 levels implicated in cellular defense system to reduce viral entry and replication.

Meanwhile, MMTV It is secreted in the mother’s milk by the mammary epithelial cells and targets
dendritic, B- and T-cells in the Peyer’s patches found in the gut of suckling pups [56], we found some
differentially-regulated genes associated with these cells. These include, Inpp5d, Rasgrp3, Nfatc4,
Pik3apl, Nfatc2 and Pik3cg for B cell- and Nfatc4, Nfatc2, Rasgrpl and Pik3cg for T cell-associated
pathways. These genes are included in the supplementary material sheet S7.
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