Experimental and Molecular Pathology 97 (2014) 154–165

Contents lists available at ScienceDirect

Experimental and Molecular Pathology
journal homepage: www.elsevier.com/locate/yexmp

CMV-induced pathology: pathway and gene–gene interaction analysis
Michael Melnick ⁎, Krysta A. Deluca, Tina Jaskoll
Laboratory for Developmental Genetics, USC, 925 W 34th Street, Los Angeles, CA 90089-0641, USA

a r t i c l e

i n f o

Article history:
Received 26 June 2014
Available online 28 June 2014
Keywords:
Salivary gland
Tumor microenvironment
Cell signaling
Pathway analysis

a b s t r a c t
Mucoepidermoid carcinoma (MEC) is the most prevalent malignant tumor in major and minor salivary glands
(SGs). We have recently identiﬁed human cytomegalovirus (hCMV) as a principle component in the multifactorial causation of SG-MEC. This ﬁnding is corroborated by the ability of the puriﬁed mouse CMV (mCMV) to induce
malignant transformation of SG cells in a three-dimensional in vitro mouse model, using a similar oncogenic signaling pathway. Our prior studies indicate that the core tumor microenvironment (TME) is a key regulator of
pathologic progression, particularly the cancer-associated ﬁbroblast (CAF) component. Studies of early CAFs
immunodetect aberrant expression of ECM components, as well as multiple growth factors, cytokines and transcription factors. Here we present the mechanistic insight derived from a mathematical structure (“wiring diagram”) used to model complex relationships between a highly relevant (p = 9.43 × 10−12) global “cancer
network” of 32 genes and their known links. Detailed characterization of the functional architecture of the examined “cancer network” exposes the critical crosstalk and compensatory pathways that limit the efﬁcacy of
targeted anti-kinase therapies.
© 2014 Elsevier Inc. All rights reserved.

Introduction
Salivary gland (SG) malignancies are relatively uncommon, and the
prognosis is poor. Mucoepidermoid carcinoma (MEC) is the most prevalent malignant tumor in major and minor SGs (Lujan et al., 2010;
Schwarz et al., 2011). We have recently identiﬁed human cytomegalovirus (hCMV) as a principle component in the multifactorial causation of
SG-MEC (Melnick et al., 2012). Active hCMV protein expression positively correlates with over 90% of SG-MEC tumor cases; active hCMV
also correlates and colocalizes with upregulation and activation of a
well-recognized oncogenic signaling pathway (COX/AREG/EGFR/ERK).
Like other oncogenic herpesviruses [e.g. Epstein–Barr (Lieberman,
2014; Young and Rickinson, 2004)], the association of a rare tumor
with a common virus remains puzzling. Depending on geographical
and socioeconomic status, 50–95% of adults are seropositive for hCMV
(Boppana and Fowler, 2007). As a herpesvirus, hCMV establishes lifelong persistence and latent infection following primary exposure
(Nichols and Boeckh, 2000). Although the precise triggering mechanisms that promote hCMV reactivation in immunocompetent persons
are unknown (Yuan et al., 2009), Dağ et al. (2014) have now shown
that reversible silencing of CMV genomes by type I interferon governs
viral latency. Further, of particular interest here, hCMV, both active
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and latent, has a special tropism for SGs (Nichols and Boeckh, 2000;
Wagner et al., 1996).
That human SG-MEC is highly correlated with active hCMV is corroborated by the ability of puriﬁed mouse CMV (mCMV) to induce malignant transformation of SG cells in an in vitro mouse model, using a
similar oncogenic signaling pathway (Jaskoll et al., 2011; Melnick
et al., 2011, 2013a, 2013b). This novel SG organ culture model provides
an ideal system for investigating CMV-induced dysregulation of multiple host cell signaling pathways, focusing on a network of interactions
between genes and pathology. Moreover, since the three-dimensional
associations between acinar, ductal and stromal cells are maintained,
this postnatal SG organ culture permits delineation of the cell-speciﬁc
localization of important molecules with progressive infection and
identiﬁes initiating and sustaining pathway components in a variety of
cell types, thus providing evidence for the pathophysiologic relevance
of these components (dysregulation → neoplasia).
Presently, it is well-argued that the core tumor microenvironment
(TME) (“stroma”) is integral to cancer initiation, growth and progression (Cortez et al., 2014; Hanahan, 2014; Hanahan and Coussens,
2012; Heldin, 2013; Marsh et al., 2013; Pietras and Ostman, 2010). In
particular, tumor evolution is promoted by “transformed” stromal
ﬁbroblasts that are now termed cancer-associated ﬁbroblasts (CAFs).
CAFs actively drive tumorigenesis and progression by paracrine and
juxtacrine crosstalk between ﬁbroblasts and between CAFs and epithelium, using canonical growth factor and cytokine pathways (e.g. EGFR,
FGFR, IL-6). Notwithstanding, the function of CAFs in de novo induction
of carcinoma in epithelium lacking oncogenic mutation is controversial
(Marsh et al., 2013).
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Our prior studies routinely suggest that early in CMV-induced SG tumorigenesis, the core TME is a key regulator of pathologic progression,
particularly the CAF component (Jaskoll et al., 2011; Melnick et al.,
2013a, 2013b). Although the stroma is densely populated with giant
basophilic round cells mixed with far fewer and smaller eosinophilic
cells, only a subset of CAFs are infected; the remainder are affected
(Fig. 1). Regarding SG epithelia, none of the cells are infected early on,
though there are some signs of early dysplasia, such as pseudostratiﬁed ductal epithelia and dilated lumina ﬁlled with cellular debris
(Fig. 1).
Of note, our initial studies of early CAFs immunodetect aberrant expression of ECM components, as well as several growth factors, cytokines and transcription factors (Melnick et al., 2011, 2013a, 2013b).
How might these and other sentinel gene products regulating cell proliferation and survival relate to one another as components of a larger
network? Are the gene expressions and relationships pathognomonic
of malignant tumorigenesis? What mechanistic insight can be derived
from a mathematical structure (“wiring diagram”) used to model complex relationships between a ﬁnite set of genes (nodes) with known
links (edges)? What therapeutic opportunities emerge from the revealed causal network? These critical questions are addressed here
using systems analysis of a deﬁned network.

Materials and methods
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involving mice were approved by the Institutional Animal Care and Use
Committee (USC, Los Angeles, CA).
Organ culture
Newborn submandibular glands (SGs) were dissected and cultured
for 6 or 12 days using a modiﬁed organ culture Trowell method and
BGJb media (Invitrogen Corporation, Carlsbad, CA) as previously described (Melnick et al., 2006, 2011). For mCMV infection, SGs were incubated with 1 × 105 plaque-forming units (PFU)/ml of lacZ-tagged
mCMV RM427+ in BGJb on day 0 for 24 h and then cultured in virusfree media for a total culture period of 6 or 12 days; controls consisted
of SGs cultured in control media for the entire period. For all experiments, media were changed daily. SGs were collected and processed
for hematoxylin and eosin histology, immunolocalization, and qRTPCR. For histology, and immunolocalization analysis, SGs were ﬁxed
for 4 h at 4 °C in Carnoy's ﬁxative or 10% neutral buffered formalin, embedded in low melting point paraplast, serially-sectioned at 8 μm and
stained as previously described (Melnick et al., 2006).
To obtain a measure of mCMV infection, we assayed for βgalactosidase (lacZ) activity essentially as previously described
(Melnick et al., 2006). β-Galactosidase-stained whole mounts were
then dehydrated through graded alcohols, embedded in parafﬁn,
serially-sectioned and counterstained with eosin.

Animals

Immunolocalization

Timed pregnant inbred C57/BL6 female mice (Charles River, Wilmington, MA) were purchased from Harlan Laboratories (Indianapolis,
IN) (plug day = day 0 of gestation) and newborn (NB) mice were harvested as previously described (Melnick et al., 2006, 2009). All protocols

Cultured SGs were serially-sectioned at 8 μm and immunostained
as previously described (Melnick et al., 2006, 2009) using the
following commercially-available polyclonal antibodies: Amphiregulin
(sc-25436); β-catenin (sc-7199); pERK1/2 (Thr202/Tyr204) (sc-

Fig. 1. mCMV infection induces a severe cytopathic effect in SG stroma. A–C. NB + 6 SGs. D–F. NB + 12 SGs. Control SGs (A, D) are characterized by densely packed, branched cuboidal
ductal and pro-acinar epithelia (e) surrounded by a ﬁbromyxoid stroma. mCMV-infected SGs (B, E) exhibit epithelial dysplasia (white arrow) and signiﬁcant viral cytopathic effect in
the stroma, with greater viral-induced histopathology seen on day 12 than on day 6 (compare E to B). The abnormal epithelia are embedded in a hypercellular stroma composed of
large basophilic, pleiomorphic cells (black arrows) and smaller eosinophilic cells (black arrowheads), with frequent kidney-shaped nuclei pathognomonic of CMV infection being seen.
C, F. β-Galactosidase-stained mCMV is distributed in abnormal stroma, with a marked increase being seen on day 12 (compare F to C). Note that β-galactosidase-stained virus is mostly
absent in eosin-stained epithelia (*) on day 6 (C) but present in epithelia on day 12 (white arrowheads) (compare F to C). Bar, 30 μm.
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16982); pEGFR (Tyr 1173) (sc-101668); FGFR3 (sc-123); SHH (sc9024) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); and FGF8
(PAB12306) (Abnova, Taipei, Taiwan). Nuclei were counterstained
with DAPI (Invitrogen Corporation). Negative controls were performed in parallel under identical conditions and consisted of
sections incubated without primary antibodies. For each treatment
group, 3–6 SGs per day/antibody were analyzed. All images were acquired with a Zeiss Axioplan microscope equipped with a SPOT RT3
camera and processed with SPOT Advanced and Adobe Photoshop CS2
software.
For PCNA (proliferating cell nuclear antigen) localization, we conducted immunohistochemistry using the Zymed mouse PCNA kit
(Invitrogen Corporation) and counterstained with hematoxylin and
eosin essentially as previously described (Melnick et al., 2006). In this
set of experiments, PCNA-positive nuclei appear dark brown.
Interruption studies
To interrupt EGFR signaling, we used 10 μM geﬁtinib (GEF) (Selleck
Chemicals LLC, Houston, TX), a small molecule inhibitor which blocks
the binding of ATP to the intracellular TK domain of EGFR. This concentration was previously determined to be the optimal dose (Melnick
et al., 2011). NB SGs were infected with 1 × 105 PFU/ml mCMV for 24 h
in the presence or absence of 10 μM GEF and then cultured in control medium with or without GEF for a total of 12 days; controls consisted of
glands cultured in control medium or control medium + GEF for the entire 12 days. For co-targeting inhibition of the EGF/ERK signaling, we used
10 μM U0126 (EMD Chemicals, Inc., Gibbstown, NJ), a potent and speciﬁc
inhibitor of MEK-mediated ERK1 and ERK2 phosphorylation, concurrently with GEF treatment beginning at day 6. This concentration of U0126
was previously determined to be the optimal dose (Melnick et al.,
2011). NB SGs were infected with 1 × 105 PFU/ml mCMV for 24 h
in the presence or absence of 10 μM GEF and then in control medium ± inhibitor. Beginning on day 6, we additionally added 10 μM
U0126 (GEF + D6U) to the culture medium for an additional
6 days (a total culture period of 12 days). Controls consisted of untreated, GEF-treated, or GEF + D6U-treated SGs. Media were
changed and inhibitors were added daily. No differences between
treatment groups were seen; untreated controls are presented. In
this experiment, a minimum of 3 explants per treatment per antibody were analyzed.
Quantitative RT-PCR
For analysis of gene expression, qRT-PCR was conducted as previously described (Melnick et al., 2006, 2009) on NB + 6 control and
mCMV-infected samples; each sample consisted of 4–5 pooled explants.
RNA was extracted and 1 μg RNA was reverse transcribed into
ﬁrst strand cDNA using ReactionReady™ First Strand cDNA Synthesis
Kit: C-01 for reverse transcription (Qiagen, Germantown, MD). The
primer sets used were prevalidated to give single amplicons and
purchased from Qiagen: Areg (PPM02976A); Bcl2 (PPM02918A);
Cadherin1 (PPM03652A); Casp3 (PPM02922A); Ctnnb (β-catenin)
(PPM03384A); Egf (PPM03703A); Egfr (PPM03714A); Fgf8
(PM02962A); Fn1 (PPM03786A); Gapdh (PPM02946A); Gli1
(PPM41530A); Gli3 (PPM25249A); Itga5 (PPM03609A); Itgb1
(PPM03668A); Il6 (PPM03015A); Lef1 (PPM05441A); Mapk3 (ERK1)
(PPM03585A); (Mapk8) (JNK1) (PPM03234A); Mdm2 (PPM02929A);
Myc (PPM02929A); NFKb1 (PPM02930A); Nfkb2 (PPM03204A);
Pcna (PPM03456A); Pdgfra (PPM03640A); Pik3r1 (PPM03374A);
Ptgs2 (Cox2) (PPM03647A); Rela (PPM42224A); Relb (PPM03202A);
Shh (PPM04516A); Stat3 (PPM04643A); Tgfa (PPM03051A); Tnfa
(PPM03113A); Trp53 (p53) (PPM02931A). Primers were used at
a concentration of 0.4 μM. The cycling parameters were 95 °C, 15 min;
40 cycles of (95 °C, 15 s; 55 °C, 30–40 s and 72 °C, 30 s). Speciﬁcity of
the reactions was determined by subsequent melting curve analysis.

RT-PCRs of RNA (not reverse transcribed) were used as negative controls. GAPDH was used to control for equal cDNA inputs and the levels
of PCR product were expressed as a function of GAPDH. The relative
fold changes of gene expression between the gene of interest and
GAPDH, or between the NB + 6 control and mCMV-infected samples,
were calculated by the 2−ΔΔCT method. Signiﬁcant expression differences between mCMV-infected and control samples were determined
by Student's t-test, with α = 0.01 and the null hypothesis of R = 1,
where R is the mean relative expression ration (mCMV/control) across
the entire sample. Expression ratios were log transformed prior to analysis to satisfy the assumption of normality.

Pathway and gene–gene interaction analysis
Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.
qiagen.com/ingenuity) tools were used to analyze possible functional
relationships between 32 genes (focus molecules), using inputs of
gene identiﬁers, log2 fold-changes, and p-values between mCMVinfected and uninfected control glands. Networks of these focus
molecules were then algorithmically generated based on their connectivity, disease, and canonical pathways, and molecular and cellular
functions were then ranked by score. The score associated with a
particular network is the likelihood of the genes identiﬁed as differentially expressed in a network being found together by chance. In the canonical pathway analysis, the canonical pathways that were most
signiﬁcant to the 32 genes were identiﬁed and p value determined
by the IPA tool. The image was generated from IPA software using the
canonical pathways feature, network builder feature, and path designer
tools.

Table 1
Gene expression.
Gene

Δ

p

D

AREG
EGFR
TGFα
EGF
ERK1
cMyc
FGF8
PDGFRα
PI3K
NFκB1
NFκB2
RelA
RelB
TNFα
IL-6
STAT3
JNK1
MDM2
p53
Casp3
Bcl2
PCNA
Cadherin1
COX2
FN1
Int β1
Int α5
β-Catenin
Lef1
SHH
Gli1
Gli3

2.08
0.86
0.78
0.79
0.79
0.85
2.43
0.94
0.97
0.71
0.95
0.88
0.89
1.55
6.51
1.08
0.83
1.21
0.88
1.22
0.60
1.20
0.81
6.36
1.44
0.83
1.31
0.93
1.51
3.57
1.31
1.34

b0.01
b0.01
b0.01
N0.05
b0.01
b0.01
b0.001
N0.05
N0.05
b0.01
N0.05
b0.01
b0.01
b0.01
b0.01
N0.05
b0.01
b0.05
b0.01
b0.02
b0.001
b0.02
b0.01
b0.01
b0.01
b0.01
b0.02
b0.05
b0.01
b0.001
N0.05
b0.01

↑
↓
↓
2
↓
↓
↑
2
2
↓
2
↓
↓
↑
↑
2
↓
↑
↓
↑
↓
↑
↓
↑
↑
↓
↑
↓
↑
↑
2
↑

Δ = mean log2 change across all samples (n = 9), i.e. the mean increase or decrease in
gene expression in CMV-treated SGs compared to SG controls.
p = statistical signiﬁcance.
D = direction of change, up (↑) or down (↓) or none (2).
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Results
Based on the long-recognized molecular and cellular homologies between tumorigenesis and organogenesis (Egeblad et al., 2010; Huang,
2011; Wiseman and Werb, 2002), and our extensive studies of salivary
gland (SG) ontogenesis (e.g. Jaskoll et al., 2004a, 2004b, 2005; Melnick
and Jaskoll, 2000), we utilized network modeling to investigate 32 probative genes (Table 1) in signaling pathways that are both participants
in CMV-induced tumorigenesis (Jaskoll et al., 2011; Melnick et al.,
2011, 2013a, 2013b) and share post-activation downstream targets:
Egfr, Fgfr, Il6r, Tnfr, Shh, and β-catenin (Ctnnb1). Network thinking
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provides the ability to simplify complex problems without losing their
essential features. Because this approach is experimentally constrained
and computationally accessible, it is heuristically very useful (Giuliani
et al., 2014). Indeed, below we present novel emergent properties that
would not be otherwise evident.
We determined the expression of 32 genes in mCMV-treated SGs
after 6 days of infection (NB + 6), a time when the core TME appears
to be a key regulator of pathologic progression, particularly the “transformed” stromal ﬁbroblasts (CAFs) (Fig. 1) (Jaskoll et al., 2011;
Melnick et al., 2011, 2013a, 2013b). The analytical results of quantitative
RT-PCR (qRT-PCR) are presented in Table 1. Remarkably, 26 of the 32

Fig. 2. Canonical pathway implicated in cancer pathogenesis. A data set containing the differentially regulated genes between mCMV-infected and control NB + 6 SGs was overlaid onto a
global canonical network showing the mechanism of cancer. The magenta highlighted molecules indicate genes whose expression was altered by mCMV infection compared to control.
Pink-colored shapes denote upregulated genes and green colored shapes denote downregulated genes; the darker the color, the greater the change. The nodes are displayed using various
shapes that represent the functional class of gene product (image was generated from IPA software using the canonical pathways feature and the path designer tool)
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had signiﬁcant log2 fold changes relative to uninfected controls. In typical fashion, these genes may be viewed in a “cancer map” (Fig. 2) as a
series of related linear pathways in which initial signaling events (aberrant or not) progressively amplify after a sequence of Boolean choices to
emerge at end-points that we term cell proliferation, cell survival, cell
cycle arrest, apoptosis, etc. While this may provide a broad view, it allows only an imagined dynamic understanding.
The nonlinear complexity of living systems is largely due to networks of genes rather than the sum of independent effects of individual
genetic pathways. Thus, we have always to focus on the relationship between genes/pathways, rather than the genes/pathways themselves.
This is so because the complexities of tumorigenesis largely emerge
from complexities in the interactions of genes within and among cells.
Using the qRT-PCR data (Table 1), we undertook a comprehensive network and pathway analysis utilizing Ingenuity Pathway Analysis (IPA),
as well as other statistical approaches.
Fig. 3 represents the 32 genes (nodes) and their known functional
links (edges) between them; this iteration highlights nearest neighbors.
This network has several important features. First, the calculated
probability that this speciﬁc qRT-PCR data set is from carcinoma is
highly signiﬁcant (p = 9.43 × 10−12), as it is for head and neck cancer
(p = 7.06 × 10−16). Second, the network has a classic small world property, namely the short paths between most pairs of nodes (genes) and
relatively few “long-distance” links. Finally, there is considerable clustering, the extent to which a gene's nearest neighbors are also neighbors
to each other, forming communities.
Because of the therapeutic implications, one such community is of
particular interest to us: EGFR, FGFR, FGF8, SHH, β-catenin, ERK1, and
PCNA. Numerous studies in recent years have made it clear that there

is an intimate functional relationship between their respective pathways (Fig. 4). Of particular importance, while EGFR signaling is dominant to FGFR signaling (via the ERK pathway), EGFR and FGFR provide
mutual “escape” mechanisms from respective small molecule inhibition. This may be a plausible explanation for the in vitro and in vivo failure of therapeutic interventions with drugs such as geﬁtinib (e.g. Jakob
et al., 2014; Robinson and Sandler, 2013; Ware et al., 2013).
Analysis of the IPA-constructed aforementioned community (Fig. 5)
reveals key functional characteristics. It is a canonical small-world
subnetwork (Watts and Strogatz, 1998): (a) short path lengths
(L) between pairs of nodes (genes); (b) a mean node degree (number
of links in and/or out of a node) of 4.63, consistent with the existence
of hubs (d ≥ 5); (c) at 0.71, the Clustering Coefﬁcient (C) indicates
that this is a “tight-knit” community (for any genes x, y and z, if gene
x is linked to genes y and z, then y and z are also linked to each other).
High degree nodes are termed hubs, a priori primary channels of information ﬂow. There are 4 genes with a degree (d) greater than or
equal to 5 (Fig. 5): EGFR, β-catenin, FGF8, and SHH. For each hub, we calculated the average Pearson correlation coefﬁcients (PCCs) between the
hub and each of its respective partners for mRNA expression (as per Han
et al., 2004). Hubs with mean PCCs of 0.5 or more are termed “party
hubs” and those less than 0.5 are termed “date hubs”; party hubs correspond to more permanent interaction, while date hubs correspond to
transient interactions (Han et al., 2004). All 4 network hubs are date
hubs: EGFR (r ¼ 0:4043); β-catenin (r ¼ 0:4038); FGF8 (r ¼ 0:4975);
SHH (r ¼ 0:4561). Genetic dysregulation of date hubs tends to sensitize
the larger network (Figs. 2, 3) to other dysregulations, more so than
party hubs (Han et al., 2004). This has important, and challenging, therapeutic implications.

Fig. 3. Mechanistic network analysis by IPA of the expression of 32 genes (nodes) and their known functional links (edges) in mCMV-infected NB + 6 SGs compared to control SGs. A smallworld network showing the functional relationships between the 32 genes and highlighting their nearest neighbors. Red-colored shapes denote upregulated genes and green colored
shapes denote downregulated genes; the darker the color, the greater the change. The nodes are displayed using various shapes that represent the functional class of gene product and
the style of the lines connecting the molecules indicates speciﬁc molecular relationships and the direction of the interaction.
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Fig. 4. Putative functional relationship between EGFR, FGF8, FGFR3, SHH, β-catenin, ERK1 and PCNA. References: Akiyama et al. (2014), Bigelow et al. (2005), Cerliani et al. (2012), Degnin
et al. (2011), Eswarakumar et al. (2005), Götschel et al. (2013), Hai et al. (2010), Herrera-Abreu et al. (2013), Ho et al. (2014), Issa et al. (2013), Iwatsuki et al. (2007), Johnston et al. (1995),
Katoh and Katoh (2008), Kono et al. (2009), Krejci et al. (2012), Marshall et al. (2011), Mavila et al. (2012), Oliveras-Ferraros et al. (2012), Patel et al. (2011), Reid et al. (2011), Reinchisi
et al. (2013), Sinor-Anderson and Lillien (2011), Su et al. (2012), Sütterlin et al. (2013), Wang et al. (2011, 2012), Ware et al. (2010, 2013), Zammit et al. (2001).

Fibroblasts comprise the major cell type within the TME of most
carcinomas, and are thought of as “architects of cancer pathogenesis”
(Marsh et al., 2013). Hanahan (2014) makes the case that
“counterattacking” a cancer should begin at the site where the cancer
emerged, the core TME. Within the context of the community (cluster)
of interest (Fig. 5), we have used immunohistology to deﬁne the core
TME protein signature of CMV-induced tumorigenesis (Figs. 6, 7).
We determined the cell-speciﬁc localization of AREG and its cognate
receptor EGFR, FGF8 and its cognate receptor FGFR3, activated (phosphorylated) ERK1/2 (pERK1/2), SHH, β-catenin and PCNA, a marker of
cell proliferation, in mCMV-infected and uninfected SG organs in vitro
(Fig. 6–7). At 6 days of infection (NB + 6) (Fig. 6), there is a notable increase in immunolocalized AREG, FGF8, activated (nuclear-localized)

FGFR3, activated (phosphorylated) EGFR (pEGFR), pERK1/2, SHH, and
β-catenin compared to controls (Fig. 6), with all proteins primarily detected in the cytomegalic stromal cells. Of particular interest is the
abundance of nuclear-localized (activated) FGFR3 throughout the TME
in mCMV-infected SGs. In contrast, controls exhibit membranelocalized FGFR3 on a subset of epithelial cells (compare Figs. 6H to G).
In addition, we also detected a marked increase in nuclear-localized
PCNA in mCMV-infected SGs compared to control SGs, as well as notable
differences in its cell-speciﬁc localization (compare Figs. 6P to O).
mCMV-infected SGs are characterized by nuclear-localized PCNA
throughout cytomegalic stromal cells (Fig. 6O); in controls, only a few
cells exhibit nuclear-localized PCNA, primarily being found in ductal
and acinar epithelial cells (compare Figs. 6P to O).
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Fig. 5. Functional network analysis of AREG, EGFR, FGF8, FGFR3, β-catenin, ERK1, SHH and
PCNA. Network analysis using IPA tools was conducted on the 8 differentially expressed
genes of interest and their close relationships shown. The nodes are displayed using various shapes that represent the functional class of gene product (e.g. protein family). The
style of the lines connecting the molecules indicates speciﬁc molecular relationships and
the direction of the interaction.

mCMV-infected SGs cultured for 12 days (NB + 12) exhibit a more
severe viral cytopathic effect in the stroma, and abnormal parenchyma
consistent with a tumorigenic phenotype (Fig. 1E). The marked increased stromal cellularity is composed of sheets of large basophilic,
pleomorphic cells and smaller eosinophilic cells with prominent nuclei
and nucleoli, and high nuclear-to-cytoplasm ratios. The increasingly
sparse epithelia are characterized by increased nuclear-to-cytoplasm
ratios, hyperchromatism and visible nucleoli; intraluminal proliferation
and extrabasal proliferation impart a multilayered appearance to these
epithelial islands. At 12 days, both stroma and epithelia are wellinfected with mCMV (Fig. 1F). The protein signature reﬂects
the progressive pathogenesis (Fig. 7). The marked increase in
immunodetectable AREG, pEGFR, FGF8, activated FGFR3, pERK, SHH,
and β-catenin, as well as substantial differences in their cell-speciﬁc localization, persist in NB + 12 mCMV-infected SGs compared to uninfected control SGs (Fig. 7). All proteins are found throughout the TME
in mCMV-infected SGs. In addition, nuclear-localized PCNA is seen in
most, if not all, cytomegalic stromal cells in mCMV-infected SGs but is
relatively absent in control SGs (compare Figs. 7P to O).

Relationship between EGFR and FGFR signaling
We have previously reported that inhibitors of the EGFR → ERK
pathway do not fully rescue well-established mCMV-induced SG pathology, either singly or in combination, and suggested that CMV induces alternative signaling pathways that promote and maintain
downstream cell proliferation and survival (i.e. SG pathology)
(Melnick et al., 2013a, 2013b; Fig. 4). Herein, we focused on the relationship between EGFR and FGFR3 signaling purported in the literature
(Fig. 4). We treated mCMV-infected SGs in vitro with geﬁtinib (GEF), an
EGFR inhibitor, with/without an inhibitor of MEK-mediated, ERK phosphorylation (U0126).
Treatment with GEF (CMV + GEF) for the entire 12-day culture period results in only a marginal reduction in immunodetectable FGF8 and
activated (nuclear-localized) FGFR3, albeit with a marked increase in
membrane-localized FGFR3 (Fig. 8G), compared to untreated mCMVinfected SGs (compare Figs. 8E to 7F, 8G to 7H). However, the expression patterns of pERK, SHH, β-catenin, and PCNA are similar in GEFtreated and untreated mCMV-infected SGs (compare Figs. 8I to 7J, 8K
to 7L, 8M to 7N, 8O to 7P). Our demonstration of nuclear-localized
FGFR3 suggests that FGF8/FGFR3 signaling continues to activate key

downstream targets and promotes cell proliferation in the absence of
EGFR signaling.
We then inhibited EGFR and ERK signaling with the addition
of the ERK inhibitor U0126, beginning on day 6, to GEF-treated,
mCMV-infected SGs (CMV + GEF + D6U). With inhibition of the
EGFR → ERK pathway, we noted the absence of nuclear-localized
FGFR3 (compare Figs. 8H to 7H, 8G); the membrane-localized FGFR3 expression pattern is similar to that seen in controls (compare Figs. 8H to
7G). This unexpected change in FGFR3 localization is associated with
epithelial morphologic improvement, reduced TME pathology, and a
marked decrease in cell proliferation (compare Figs. 8P to 6P, 7P,
and 8O). Concomitantly, the patterns of pERK, SHH and β-catenin expression only slightly differ from those seen with GEF treatment alone
(compare Figs. 8J to I, L to K, N to M) or untreated mCMV-infected SGs
(compare Figs. 8J to 7J, 8L to 7L, 8N to 7N) and likely contribute to the
viral-induced pathology still found in these SGs.
Discussion
While the role of ﬁbroblasts in de novo transformation or induction
of carcinoma in epithelia lacking oncogenic mutation is vigorously debated (Hanahan, 2014; Marsh et al., 2013; Pietras and Ostman, 2010),
our mouse model clearly demonstrates that CMV subverts resident SG
ﬁbroblasts to initiate and promote SG epithelial tumorigenesis (Figs. 1,
6, 7). Thus, they are properly referred to as cancer-associated ﬁbroblasts
(CAFs). CAFs directly stimulate (initiate) epithelial transformation and
tumor cell proliferation via growth factors and cytokines acting in a
paracrine or juxtacrine manner within the context of a remodeled extracellular matrix (Cortez et al., 2014; Hanahan, 2014; Marsh et al.,
2013). We have identiﬁed a core TME protein signature of “driver dysregulation” that is relatively stable through progressive pathogenesis
(Figs. 6, 7). This “community” of gene products has important properties: each protein is not an independent actor, and as such, therapeutic
intervention is until now daunting (e.g. Engelman and Settleman, 2008;
Melnick et al., 2013a; Wilson et al., 2012).
Emergent biologic phenomena (e.g. cancer) are both multifactorial
and unable to be predicted from functional knowledge of individual
components. To understand pathogenesis, as one example, it must be
modeled within the context of organized networks that are measurable
at both local and global network scales (Aderem et al., 2011; Mora et al.,
2014). Here we present a highly relevant (p = 9.43 × 10− 12) global
“cancer” network of 32 genes (nodes) and their known links (Fig. 3).
Within such a network is a subset of nodes (genes) designated “driver
nodes,” deﬁned as genes capable of controlling the entire network
when they are driven by external signals (Onnela, 2014). In other
words, controlling a complex directed network (such as that in Fig. 3)
reduces to the selection of speciﬁc nodes that, by virtue of being directly
controlled (e.g. dysregulated by CMV), can indirectly drive the rest of
the network to an emergent state (e.g. tumorigenesis) (Ruths and
Ruths, 2014).
Global networks such as that in Fig. 3 contain multiple smaller
“tight-knit” communities with clustering coefﬁcients approaching
unity. Here we focus on one such local subnetwork (Fig. 5) of therapeutic importance. Like most transcriptomic networks, it is dominated by
external dilations, i.e. paths that split without subsequently rejoining
(Figs. 4, 5) (Ruths and Ruths, 2014). The subnetwork has multiple sink
nodes (e.g. ERK1, PCNA) and correlated behaviors across the upstream
agents that are downstream from a common source (date hubs). Detailed characterization of the functional architecture of the examined
“cancer network” (Figs. 3–5) is critical because crosstalk and compensatory pathways (Fig. 4) in such networks limit the efﬁcacy of targeted
anti-kinase therapies (Kirouac et al., 2013; Melnick et al., 2013a,
2013b). This is again evidenced in our study of the functional FGFR3/
EGFR relationship using small molecule inhibitors (Fig. 8); other members of the dynamic network (Fig. 3, 5) continue to assert themselves
(Fig. 8) in a dysfunctional manner associated with SG pathology.
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Fig. 6. CMV-induced stromal localization of components of the AREG/EGFR and FGF8/FGFR3 signaling pathways in NB + 6 SGs. A–D. AREG and EGFR expression. In mCMV-infected SGs,
AREG (B) and activated (phosphorylated) pEGFR (D) are localized in cytomegalic stromal cells (black arrowheads) but are relatively absent from control epithelia (e) and stroma (compare
B to A, D to C). E–H. FGF8 and FGFR3 expression. In mCMV-infected SGs, FGF8 (F) and nuclear-localized FGFR3 (H, white arrowheads) are found throughout abnormal stroma; membrane
localized FGFR3 is also found in a small number of epithelial cells (data not shown). In contrast, controls are characterized by the relative absence of FGF8 (E) and the presence of
membrane-localized FGFR3 (G, white arrows) on a subset of epithelial cells. I–J. pERK expression. In mCMV-infected SGs (J), pERK is immunolocalized in a subset of cytomegalic stromal
cells and is relatively absent in controls (I). K–L. SHH expression. In mCMV-infected SGs (L), SHH is detected throughout abnormal stroma, and is weakly seen on control epithelia (K). M–N.
β-Catenin expression. In controls, β-catenin is seen on epithelial cell membranes (M, white arrows); with mCMV-infection (N), β-catenin is primarily found on abnormal stromal cell
membranes (black arrowheads). O–P. PCNA expression. In controls (O), nuclear-localized PCNA (brown color) is infrequently seen, primarily being detected in a few epithelial cells
(black arrows). In mCMV-infected SGs (P), nuclear-localized PCNA is seen in the majority of abnormal cytomegalic stromal cells. Note the presence of nuclear-localized PCNA in cells
exhibiting kidney-shaped nuclei pathognomonic of viral infection (blue arrowheads). DAPI-stained nuclei appear blue. Bar, 50 μm.

Conclusions
Structural network modeling is necessary but not sufﬁcient, it is a
larger window through which we may view a very complex problem,
namely network-driven pathogenesis and related therapeutics. Network thinking provides the ability to simplify complex phenomena
without losing their essential features; it focuses our attention on the relationship between entities, rather than the entities themselves (for review: Mitchell, 2009). Networks, such as that seen in Fig. 3, mostly
exhibit high-clustering and hub structure. These small world networks
appear quite efﬁcient because they have short average path lengths between nodes (genes) despite relatively few long-distance links, and
thus transfer information quickly at “low cost.” A priori, such networks

display great resilience to the dysfunction of low-degree hubs.
Above we present a derived small world network and consider it in
the context of CMV-modulated gene message and protein expression
(Figs. 3, 5, 6–8).
There is much more to consider in future studies. We have always
to remember that small world models are at the last models, that is,
constructions based upon simplifying assumptions that may not be
entirely congruent with in vivo biologic networks. Problematic assumptions may include: (a) nodes are functionally identical except
for their degree; (b) all links are the same type and have the same
potential strength; (c) the published literature upon which the relationships (links) are based contains no false positives or false negatives. Most importantly, drawn networks (e.g. Figs. 3, 5) are all
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Fig. 7. mCMV-induced stromal localization of components of the AREG/EGFR and FGF8/FGFR3 signaling pathways in NB + 12 SGs. The cell-speciﬁc distribution patterns of AREG (A, B),
pEGFR (C, D), FGF8 (E, F), pERK (I, J), and SHH (K, L) are similar to those seen in NB + 6 SGs; these proteins are seen throughout abnormal cytomegalic stromal cells (black arrowheads) in
mCMV-infected SGs and are relatively absent from controls. G–H. FGFR3 localization. In mCMV-infected SGs, nuclear-localized FGFR3 (H, white arrowheads) is seen in abnormal stromal
cells whereas, in controls, membrane-bound FGFR3 is seen (G, white arrows). M–N. β-Catenin localization. In mCMV-infected SGs, β-catenin is found on cell membranes of abnormal stroma (black arrowheads), as well as on the lateral and basal membranes of abnormal epithelia. In contrast, controls exhibit β-catenin on epithelial cell membranes (white arrows), with
intense immunostain being seen on lumina-facing membranes (compare N to M). O–P. PCNA localization. There is a notable increase in nuclear-localized PCNA in mCMV-infected SGs
(P) compared to controls (O), with nuclear-localized PCNA seen throughout abnormal stroma (blue arrows). In contrast, nuclear-localized PCNA is rarely seen in controls (O). DAPIstained nuclei appear blue. e—epithelia. Bar, 50 μm.

about the structure of the network (static node degree distributions
and path length) rather than the dynamics of nonlinear information
processing in the context of spatiotemporally evolving node relationships. This is next.
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Fig. 8. Effect of GEF-mediated inhibition of EGFR with/without concurrent U0126-mediated inhibition of ERK in NB + 12 mCMV-infected SGs. A, C, E, G, I, K, M, O. In the GEF-treated,
mCMV-infected SGs (CMV + GEF), pEGFR is absent (D) and the distribution patterns of AREG (A), pERK (I), SHH (K), β-catenin (M) and nuclear-localized PCNA (O) resemble those
seen in untreated, mCMV-infected NB + 12 SGs. There is a marginal decrease in FGF8(E)and nuclear-localized FGFR3 (G, white arrowheads) immunostaining, as well as a notable increase
in membrane-bound FGFR3 (G inset) compared to untreated SGs. B, D, F, H, J, L, N, P. In GEF-treated, mCMV-infected SGs treated with U0126 beginning on day 6 (CMV + GEF + D6 U),
FGFR3 is membrane (H, white arrows), and not nuclear, localized. Substantial changes in PCNA distribution compared to SGs treated with GEF alone are seen (compare P to O); nuclearlocalized PCNA is found in both normal appearing epithelia (black arrow) and in a few abnormal stromal cells (blue arrowheads). The distribution of pERK (J), SHH (L) and β-catenin
(N) expression only marginally differs from that seen with GEF treatment alone; β-catenin is also found on epithelial cell membranes (white arrows). DAPI-stained nuclei appear blue.
Bar, 50 μm.
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