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Abstract

Background: Human studies suggest, and mouse models clearly demonstrate, that
cytomegalovirus (CMV) is dysmorphic to early organ and tissue development. CMV has a particular
tropism for embryonic salivary gland and other head mesenchyme. CMV has evolved to co-opt cell
signaling networks so to optimize replication and survival, to the detriment of infected tissues. It
has been postulated that mesenchymal infection is the critical step in disrupting organogenesis. If
so, organogenesis dependent on epithelial-mesenchymal interactions would be particularly
vulnerable. In this study, we chose to model the vulnerability by investigating the cell and molecular
pathogenesis of CMV infected mouse embryonic submandibular salivary glands (SMGs).

Results: We infected EI5 SMG explants with mouse CMV (mCMYV). Active infection for up to 12
days in vitro results in a remarkable cell and molecular pathology characterized by atypical ductal
epithelial hyperplasia, apparent epitheliomesenchymal transformation, oncocytic-like stromal
metaplasia, B-catenin nuclear localization, and upregulation of Nfkb2, Relb, Il6, Stat3, and Cox2.
Rescue with an antiviral nucleoside analogue indicates that mCMV replication is necessary to
initiate and maintain SMG dysmorphogenesis.

Conclusion: mCMV infection of embryonic mouse explants results in dysplasia, metaplasia, and,
possibly, anaplasia. The molecular pathogenesis appears to center around the activation of
canonical and, perhaps more importantly, noncanonical NFxB. Further, COX-2 and IL-6 are
important downstream effectors of embryopathology. At the cellular level, there appears to be a
consequential interplay between the transformed SMG cells and the surrounding extracellular
matrix, resulting in the nuclear translocation of B-catenin. From these studies, a tentative
framework has emerged within which additional studies may be planned and performed.

Background often revealed large cells containing intranuclear and
Nearly 75 years ago, Farber and Wolbach [1] reported that ~ cytoplasmic inclusion bodies in submandibular salivary
postmortem examination of infants less than 1 yearofage =~ glands and, less frequently, in livers, lungs, kidneys, pan-
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creas, and thyroid. The large cells ("cytomegalia") were
found in acini and ducts of the affected submandibular
salivary glands, and the ducts were often dilated. It was
noted that the inclusions were similar to those found in
diseases due to "filtrable viruses." Twenty-five years later,
human cytomegalovirus (CMV) was isolated [2,3]. By a
decade or so after isolation, it was quite apparent that con-
genital infection with CMV was common and had variant
adverse consequences, from asymptomatic viruria to
lethality[4].

CMV is an enveloped, double-stranded DNA betaherpes-
virus which has been characterized in a large number of
mammalian species including humans and mice [5]. The
virus has a slow replication cycle, is species specific, and
demonstrates particular tropism for salivary glands, and,
to a lesser extent, other tissues (lung, kidney, liver, spleen,
bone marrow, heart, brain, placenta) [6,7]. In infected
newborns, CMV establishes a long-lasting persistence in
salivary glands and the virus is shed in saliva for months
to years before termination of productive infection and
establishment of latency [8].

It is estimated that about 2% of liveborn infants are con-
genitally infected. About 10-20% of this group have new-
born symptoms, and most of these infants will exhibit
subsequent abnormalities of the central nervous system
(CNS): microcephaly, mental retardation, deafness, and
blindness [9-11]. These estimates represent the prevalence
of infection and phenotypic outcomes at birth and
beyond, not the incidence of infection and associated out-
comes during the whole of gestation, particularly during
the highly ontogenic first trimester. Unfortunately, the
effect of CMV infection on early human embryogenesis is
uncertain because human studies of early malformation
and CMV infection are small, retrospective and tempo-
rally truncated [7,12-16]. Nevertheless, mouse models
clearly demonstrate that CMV disrupts early organ and tis-
sue development [17-21].

Since mouse CMV (mCMV) has many features in com-
mon with human CMV (hCMV) infection, the mouse
model has been widely employed to understand the
pathogenesis associated with acute, latent, and recurrent
infections [20]. When mCMYV is introduced into the pla-
centa, the frequency and types of birth defects will depend
on the gestational age of infection. Baskar et al. [17-19]
have consistently observed substantial fetal loss (reduced
litter size and resorbed embryos), fetal growth retarda-
tion, and fetal dysmorphogenesis, particularly of the
craniofacial complex. Using in situ hybridization and
immunohistochemistry, they observed that viral
sequences and antigens were primarily localized to the
brain and salivary glands of malformed craniofacies.
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Subsequently, Tsutsui [21] reported that viral antigen-
positive cells were abundant in the mesenchyme of the
oral and nasal cavities, and in the mesenchyme around
the brain. He postulated that mesenchymal infection is
the critical step in disrupting organogenesis. If so, organo-
genesis which is highly dependent on epithelial-mesen-
chymal interactions (salivary gland, lung, kidney,
pancreas, brain, etc.) would be particularly vulnerable to
early mCMV infection, and this may explain the frequent
fetal demise. In the present study, we chose to model this
vulnerability by investigating the cell and molecular
pathogenesis of mCMV infected mouse embryonic sub-
mandibular salivary glands (SMGs).

Mouse SMG development is initiated with a thickening of
the oral epithelium of the mandibular arch around
embryonic day 11.5 (E11.5) and is best conceptualized in
stages as branching morphogenesis forms the ductal sys-
tem and presumptive acini [22,23]. SMGs being a primary
target organ for mCMV replication, with little known
about the susceptibility of embryonic tissues, we infected
Canalicular (E15) SMG explants with salivary gland-
derived mCMV. Active infection for up to 12 days in vitro
results in a remarkable cellular and molecular pathology
characterized by atypical ductal epithelial hyperplasia,
apparent epitheliomesenchymal transformation, onco-
cytic-like stromal cell metaplasia, 3-catenin nuclear local-
ization, and upregulation of Nfkb2, Relb, 116, Stat3, and
Cox2. Rescue with an antiviral nucleoside analogue indi-
cates that mCMYV replication is necessary to both initiate
and maintain SMG pathogenesis.

Results
Embryonic submandibular salivary glands (SMGs) at E15,
exposed to mCMYV for up to 12 days in vitro, exhibit a sin-
gular pathologic phenotype, with dramatic cellular (Figs.
1, 2, 3,4, 5, 6, 7, 11) and transcriptional (Table 1)
changes.

Histopathology

After 6 days in culture, E15 SMGs typically progress to the
Terminal Bud Stage: bilaminar, stratified epithelial ducts
and single-layered epithelial terminal buds display dis-
tinct lumina, and are embedded in a loosely-packed
stroma sparsely populated with fibroblasts (Fig. 1A, B).
E15 + 6 SMGs infected with 100,000 PFU mCMV show a
marked decline in branching epithelia; duct epithelia is
pseudostratified and poorly organized; duct, and perhaps
bud, lumina are greatly dilated (Fig. 1C, D). There is a sev-
eral-fold increase in cellularity of the stroma, particularly
at the periphery of the SMG (Fig. 1C). This zone of atypia
contains clusters of large, basophilic, pleiomorphic cells,
with high nuclear-to-cytoplasmic ratios, prominent nuclei
and nucleoli, and frequently inclusion bodies pathogno-
monic of mCMV infection (Fig. 1D).
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Histopathology of mCMV-infected EI5 + 6 SMGs. A, B. EI5 + 6 SMGs have achieved the Terminal Bud Stage, consisting of duc-
tal and terminal bud epithelia (e) which surround distinct lumina. The epithelial component is embedded in loosely-packed
mesenchyme (m) sparsely populated by fibroblasts (arrows). C, D. EI5 + 6 SMGs infected with 100,000 PFU mCMV exhibit a
marked decrease in branching epithelia and greatly dilated lumina (¥); clusters of large, basophilic, pleiomorphic cells, often with
inclusion bodies (arrowheads), are seen in peripherally-localized mesenchyme (double arrows); centrally-localized cells retain

their fibroblastic morphology (m). Bar: A, C: 100 um; B, D: 20 um.

As the infection progresses, the stromal cells are com-
posed of two distinct cell types: large basophilic round
cells and smaller eosinophilic cells. In cross-section, the
basophilic cells appear to be emigrating from the epithelia
(Fig. 2A, B) and invaginating into ductal lumina (Fig. 24,
B). By 12 days in culture, there is a further decline in
branching epithelia, and the further dilated lumen of the
pseudostratified ducts are filled with eosinophilic cells,
some living, some apoptotic (Fig. 2C, D). Throughout the
gland the stroma is hypercellular and no longer resembles
mesenchyme (Fig. 2C, D). The stromal cell type at E15 +
12 is unusual: large polygonal cells with large, darkly
staining, nuclei containing prominent nucleoli, densely
eosinophilic cytoplasm, and the frequent presence of
inclusion bodies (Fig. 2D). This plump, eosinophilic cell
type with mitochondrial hyperplasia (Fig. 2D, insert) is
suggestive of oncocytic metaplasia [24,25]. Other than in

some intraductal epithelial cells, there is scant evidence of
cell death in epithelial or stromal cells. This is consistent
with the well-documented CMV suppression of cell death
[26-33].

Dose response and time course

The severity of the morphologic changes in SMG develop-
ment is mCMV dose-dependent (Fig. 3). At 10,000 PFU,
SMGs are only moderately infected at the organ periphery,
and there is an approximate 25% decrease in gland size (P
< 0.01). At 50,000 PFU, SMGs are almost totally infected
at the periphery, and about a 40% decrease in gland size
(P < 0.001); this differs significantly from the smaller dose
(P < 0.01). There are no significant differences between
50,000, 100,000, and 200,000 PFU with respect to SMG
size. This is consistent with the fact that viral titers in
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Figure 2

Morphology of progressive mCMV infection in SMGs. A, B. In EI5 + 10 mCMV-infected SMGs, the stromal cells are composed
of 2 distinct cell types: large basophilic round cells and smaller eosinophilic cells. Basophilic cells can be seen emigrating from
the epithelium into the stroma (arrows) and invaginating into the lumina (double arrowheads). Note the presence of pycnotic
cells in ductal lumina (*). C-D. EI5 + 12 mCMV infected SMGs exhibit a further decrease in branching epithelia and the large,
dilated lumina are partially filled with eosinophilic lumina-filling cells (If). The stroma is entirely composed of large polygonal
cells with darkly staining nuclei, eosinophilic cytoplasm, and the frequent presence of inclusion bodies (arrowheads). Insert:
Giant polygonal cells exhibit an increase in ATP synthetase protein (brown color), a marker of mitochondrial activity. Bar: A, B,
D: 20 um; C: 100 pum.
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Dose-dependent effect of mMCMV-infection on embryonic SMG development. EI5+6 SMGs infected with 10,000 PFU mCMV
(A) exhibit modest B-gal staining (viral presence) in the periphery, whereas SMGs infected with 50,000 PFU mCMV (B) exhibit
staining almost completely throughout the gland. No -gal staining is seen in control (CONT) SMGs. Bar:50 um C. Relative to
controls, there are significant (P < 0.01) declines in the size of MCMV-infected SMGs (as measured by area); this decline is dose
dependent (P < 0.01). Comparisons of control and infected SMGs were based on matched pairs (right v. left in the same
embryo). Samples sizes for each bar ranged from 6 to 29 matched pairs. True differences were determined by matched-pairs t-

test. See text for details.

SMGs exposed to any of these three doses, are not signifi-
cantly different at E15 + 6 (F,9 = 1.48; P > 0.25).

At 100,000 PFU, the negative effect on branching mor-
phogenesis is evident early. There is a significant 50%
reduction in SMG size (P < 0.001) at E15 + 3, and this
reduction significantly increases (P < 0.02) through E15 +
12 (Fig. 4A, C, E), as epithelial structures are increasingly
replaced by metaplastic stromal cells (Fig 4B, D, F), and
viral titers significantly increase with increasing time of
exposure (P < 0.05). Immunodetection of mCMV imme-
diate early protein 1 (IE1) reveals that through the first 6

days of culture, mCMYV infection is localized to mesenchy-
mal cells (fibroblasts)(Fig 4B, D); by 12 days, the infec-
tion is confined mostly to metaplastic stromal cells, but
may also be found in a few ductal epithelial cells and in
lumen-filling cells (Fig. 4F-J). These data are supported by
B-galactosidase localization, an indicator gene product
expressed from the virus we used (data not shown). It is
important to note that at least through 6 days of culture,
the infected fibroblasts are quite distant from much of the
affected branching epithelia (Figs. 1C, 4B, 4D), suggesting
paracrine factor diffusion from virus-infected areas. In this
regard, it is also important to note that, although there is
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Figure 4

Time-dependent increase in mCMYV infection of cultured SMGs. A, C, E. B-gal (mCMV) staining of SMGs demonstrates a
marked increase in viral infection with increased days in culture. B, D, F, G, H. Immunolocalization of viral IE| protein. In EI5 +
3 (B) and EI5 + 6 (D) mCMV-infected SMGs, IE| protein is localized to mesenchymal cells (m) and not epithelial cells (e). F, G,
I. In EI5 + 12 mCMV-infected SMGs, IEI protein is seen in metaplastic stromal cells (mc), in a few epithelial cells (arrows) and
in lumen-filling cells (*). H. J. DAPI staining of EI5 + 12 mCMV-infected SMGs shown in G, I. Bar: A: 62 um; B-F: 50 um; G, H-
J: 25 um.
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a progressive spread of infection over the 12-day time
course, the majority of affected stromal cells remain unin-
fected throughout the observation period.

Cell proliferation

The clear decline in branching morphogenesis and
increase in stromal cellularity is directly correlated with
cell proliferation (Fig. 5). At E15 + 6, Terminal Bud Stage
SMGs typically exhibit evidence of proliferation mostly in
the branching epithelia, and very little in the mesenchyme
(Fig. 5A). In mCMV infected SMGs, this pattern is reversed
(Fig. 5B); mostly mesenchymal, not epithelial, cells are
proliferating.

IL-6 signaling plays an important dual role in SMG devel-
opment: branching morphogenesis through the SHP-2/
Ras mitogenic pathway and ductal maturation through
the STAT3 pathway [34]. In uninfected SMGs, IL-6 is
expressed in proliferating epithelial cells surrounding the
forming lumina (Fig. 5A, C), consistent with its mitogenic
pathway. In mCMYV infected SMGs, however, IL-6 is more
intensely expressed in the non-proliferating epithelial
cells surrounding dilated lumina (Fig. 5B, D). This finding
suggests an upregulation of IL-6 expression and a prema-
ture shift to the STAT3 pathway for epithelial maturation.
This proposition is supported by our gene expression
studies below (Table 1) and by premature SMG terminal
differentiation (Fig. 5E, F), as determined by the expres-
sion of mucin (Muc10), a SMG-specific marker of epithe-
lial histodifferentiation [35,36]. To wit, in mCMV-
infected E15 + 6 SMGs, we see an increase in mucin pro-
tein translocated from cytoplasm to epithelial apical sur-
faces surrounding dilated lumina. In this regard, it is
important to note that by E15 + 12, many of the metaplas-
tic stromal cells are also expressing mucin (Fig. 5H-I),
consistent with an epithelial origin.

Cell characterization

SMG epithelium is characterized by cytoplasmic cytokera-
tin and adherens junctions (Fig. 6). In uninfected SMGs,
cytokeratin is exclusively seen in branching epithelia (Fig.
6A). In mCMYV infected SMGs, cytokeratin is expressed in
the abnormal, dilated ductal structures composed of pseu-
dostratified squamous and lumina-filling epithelia, and
more diffusely in the metaplastic stromal cells adjacent to
this epithelia (Fig. 6B).

E-cadherin and p120 are important constituents of adhe-
rens junctions. In uninfected SMGs, E-cadherin is immu-
nolocalized exclusively to epithelial plasma membranes
(Fig. 6C). With mCMV infection, the pseudostratified
lumina epithelia display a decline in expressed E-cadherin
in cells facing the lumina and in cells facing the stromal
space; there is also subsequent cytoplasmic localization of
E-cadherin in metaplastic stromal cells adjacent to ductal
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epithelia (Fig. 6D). In uninfected SMGs, p120 is expressed
adjacent to plasma membranes in epithelia (Fig. 6E); in
mCMYV infected SMGs, p120 is expressed in all epithelia,
but markedly less in those cells which appear to be emi-
grating from ductal epithelia into the stroma (Fig. 6F).

Given these observations (Fig. 6B, D, F), as well as the
recent study by Davis and Reynolds [37] of embryonic
SMG epithelial dysplasia and E-cadherin deficiency in
p120 null mice, it is reasonable to suggest that the lumen-
filling cells are completely derived, and the metaplastic
stormal cells are at least partially derived, from epithe-
lium.

Recent studies indicate unexpected links between
fibronectin expression, COX-2 expression, and B-catenin
nuclear localization [38,39], as well as between CMV
infection and COX-2 expression [40-42]. Thus, we inves-
tigated the cellular distribution of fibronectin (FN), a581
integrin (FN receptor), COX-2 and B-catenin in Terminal
Bud Stage SMGs, with and without mCMYV infection (Fig.
7). Normally, FN is primarily immunolocalized in ductal
and terminal bud epithelia basement membranes (Fig.
7A). With mCMYV infection, there is a remarkable shift in
FN distribution: FN surrounds individual metaplastic
stromal cells, and there is a notable decline in basement
membranes (Fig. 7B). A similar change in o581 integrin is
seen with mCMV infection (Fig. 7B, insert). COX-2 is not
expressed in uninfected stromal cells (not shown), but is
localized in the cytoplasm of infected fibroblasts (Fig. 7C)
and metaplastic stromal cells (Fig. 7D, E) in mCMV
infected SMGs. This dramatic change is associated with a
change in Cox2 transcript level (Table 1). Concurrently, -
catenin exhibits a most significant shift in location with
mCMV infection of SMGs. In Terminal Bud Stage SMGs, [3-
catenin (an adherens junction constituent) is immunolo-
calized to the cytoplasm adjacent to epithelial plasma
membranes (Fig. 7F). With mCMV infection, B-catenin is
still expressed in intact epithelia, but, more importantly,
there is de novo expression in the nuclei of metaplastic
stromal cells adjacent to that epithelium (Fig. 7G, H).
Nuclear localization of B-catenin is indicative of its alter-
nate function as a transcription factor.

Transcription changes

Functional studies in our laboratory and elsewhere have
demonstrated that embryonic SMG organogenesis is regu-
lated through interconnected growth factor, cytokine, and
transcription factor-mediated signaling pathways, includ-
ing EGF, TGF-B, IGF, IL-6, Shh, and FGFs [22,23,34,43-
49]. The hub of this complex network of parallel and
broadly-related pathways is NFkB [44]. In the present
study, we employed real-time quantitative PCR to deter-
mine transcription changes with mCMYV infection (Table
1). The 27 genes chosen include sentinel genes from the
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Figure 5

mCMV infection, cell proliferation, IL-6 expression, and mucin expression. A, B. Cell proliferation. Cell proliferation was deter-
mined by the distribution of PCNA (brown color). In control EI5 + 6 SMGs (A), PCNA positive nuclei are primarily seen in
branching epithelia (double arrows) and rarely in mesenchyme (m). With mCMYV infection (B), PCNA-positive nuclei are prima-
rily seen in mesenchymal cells (arrowheads) and, to a lesser degree, in epithelial cells (e). C, D. Immunolocalization of IL-6. A
substantial increase in immunodetectable IL-6 is seen in mCMV-infected SMGs ductal epithelia (D) compared to controls (C).
E-I. Immunolocalization of mucin protein. In EI5 + 6 (E) and EI5 + 12 (G) SMGs, mucin is localized to the cytoplasm of terminal
bud epithelia (e). In mMCMV-infected EI5 + 6 SMGs (F), there is an increase in mucin localized to epithelial apical surfaces sur-
rounding dilated lumina (arrowheads). By day 12 (H, I), mCMV-infected SMGs are characterized by a notable decline in epithe-
lial-localized mucin; however, mucin is found in a subpopulation of metaplastic stromal cells (arrows). Sections C, D were
counterstained with DAPI. Bar: A, B: 23 um; C-F: 20 um; G-I: 16 um.
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Cytokeratin

E-cadherin

Figure 6

Cell characterization: cytokeratin, E-cadherin, p120. A, B. In control SMGs (A), cytokeratin is immunodetected in branching
epithelia and not in mesenchyme; with mCMV infection (B), cytokeratin is detected in the abnormal epithelia, in lumen-filling
cells (double black arrowheads), and in the cytoplasm of stromal cells (black arrows) adjacent to pseudostratified epithelia. C,
D. In control SMGs (C), E-cadherin is localized solely to epithelial cell membranes. In mCMYV infected SMGs (D), a decrease in
E-cadherin immunostain is seen in epithelial cells facing the lumina (double white arrows) and in pseudostratified epithelia facing
the stroma (double white arrowheads); E-cadherin is also localized to membranes of lumina-filling cells (white arrowhead) and
to the cytoplasm of some metaplastic stromal cells (white arrow) adjacent to abnormal epithelia. E, F. p120 localization. In con-
trol SMGs (E), p120 is detected adjacent to epithelial plasma membranes and is absent from mesenchyme. With mCMV infec-
tion (F), p120 is seen in all epithelia, as well as in cells emigrating from ductal epithelia to stroma (double black arrow) and
lumen-filling cells (black arrows). C, D were counterstained with DAPI. * lumen-filling cells. Bar: A, B, E, F: 20 um; C, D: 27 um.
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COX 2

B-catenin

Figure 7

Cell characterization: fibronectin, 58 | integrin, COX-2, and B-catenin. A, B. In control EI5 + 12 SMGs (A), fibronectin (FN) is
primarily localized to epithelial (e) basement membranes (arrows). In mCMV-infected SMGs (B), FN surrounds individual stro-
mal cells and there is a marked decrease of FN in epithelial basement membranes. o5 integrin (B, insert) and B integrin (data
not shown) are similarly localized. C-E. COX-2 is localized in E15 + 3 (C) mCMV-infected SMG fibroblasts (white arrowheads)
and in metaplastic stromal cells (white arrows) of EI5 + 6 (D) and E I5 + 12 (E) mCMV-infected SMGs. F-H. In control EI5 +
I2 SMGs (F), B-catenin is immunodetected in the cytoplasm adjacent to epithelial, but not mesenchymal, plasma membranes.
With mCMV infection (G, H), B-catenin is seen in intact epithelia, as well as in nuclei of metaplastic stromal cells (arrowheads).
All sections were counterstained with DAPI. Bar: 20 um.
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Table I: mCMYV Modulation of Embryonic SMG Gene
Expression

Gene R n
TefiBI 0.84 0.11
Tgf/B2 0.67 0.40
Tgf/B3 0.76 0.58
Egfr 1.23 0.43
Tnf 2.10 0.55
Nfxb| 1.15 0.26
Nfkb2 1.83%* 0.18
Rela 1.34 0.46
Relb 2.84%%% 0.09
16 23.02%** 0.62
Stat3 1.72% 0.29
Jnkl 0.92 0.55
Erkl 0.64* 0.17
cmyc 1.78 0.68
Cycd| 0.79 0.71
Cycd2 1.29 0.44
p53 1.00 0.24
Mdm?2 1.49 0.78
Casp3 1.39 037
Bcl2 0.67 0.67
Ecad 1.10 0.27
Beat 0.80 0.26
Lefl 0.72 0.6l
Fn 1.58 0.37
IntBI 1.42 0.64
Intat5 2.80 0.76
Cox2 15.27%* 0.66

R = mean relative expression ratio= mCMV/control (R is the mean of
3-5 independent experiments)

T = gene expression noise = sy/R (where sz = standard deviation of R)
*P <0.05; %P <0.0l;**P<0.00l

signaling network [44], as well as those that characterize
cellular changes with mCMV infection (Figs. 5, 6, 7).

The results of these measurements are presented in Table
1. The relative expression ratio (R) is the mean increase or
decrease in gene expression in mCMV infected glands
compared to uninfected glands. The variation of R is cal-
culated as gene expression noise (M); M is statistically
equivalent to the coefficient of variation and ranges from
0 to 1 [50]. The value of n reflects fluctuations in the level
of promoter-binding or the abundance of a particular
transcription factor, variation in post-transcriptional
modifications, and a host of other stochastic events that
are characterized as intrinsic or extrinsic noise [50]. In the
absence of prohibitively large sample sizes, as m
approaches 1 it becomes extremely difficult to detect
small, but important, true differences in gene expression
levels, should they exist. Of the 27 genes measured, 6
exhibited statistically significant changes in expression
with mCMV infection: Nfkb2, Relb, 116, Stat3, Erk1, Cox2.
These results are entirely consistent with previous studies
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[41,44,51,52] and with our immunohistochemical stud-
ies (Figs. 5, 6, 7).

mCMY replication and pathology

There are two key questions about the relationship of viral
replication to the subsequent SMG pathology. First, is
mCMV replication necessary to initiate the pathogenesis?
Second, is mCMYV replication necessary to maintain the
pathogenesis? To answer these questions, we utilized acy-
clovir, an antiherpesviral nucleoside active against mCMV
[53].

In the first experiment, E15 SMG explants were infected
for 24 hrs with mCMYV and then cultured in the presence
or absence of acyclovir for an additional 5 days (Fig. 8).
Acyclovir treatment, as expected, surpresses mCMV repli-
cation (Fig. 8A, B); also, acyclovir treatment results in his-
tologically normal SMGs (Fig. 8C-F) with normal
patterns of cell proliferation (data not shown). This out-
come is associated with a highly significant mean reduc-
tion in SMG mCMUV titer from 2.1 x 104 PFU to 20 PFU (P
< 0.01). The replication cycle is not completed by 24 hrs
of infection when antiviral treatment was initiated, so it
appears that completion of the viral replication cycle
beyond DNA replication is critical to the initiation of
SMG pathogenesis.

In the second experiment, E15 SMG explants were
infected with mCMYV for 72 hrs, which allows for com-
plete viral replication, followed by culture for an addi-
tional three (E15 + 6) or nine (E15 + 12) days in the
presence or absence of acyclovir (Fig. 9). At E15 + 6, there
is an evident inhibition of mCMV with acyclovir treat-
ment (Fig. 9A); concomitantly, the SMGs are histologi-
cally near normal with only mildly dilated ducts,
increased branching, and mostly normal stroma (Fig. 9C,
D). By E15 + 12, there is only sparse evidence of detectable
mCMV in acyclovir-treated SMGs (Fig. 9B), with histolog-
ically normal epithelial branching and the relatively rare
appearance of metaplastic stromal cells (Fig. 9E, F). As is
normally seen (Fig 5A), cell proliferation is almost exclu-
sively seen in the branching epithelia (data not shown).
Thus, eventhough SMGs were subjected to unimpeded
mCMV replication for 72 hrs, the impact of reduced repli-
cation and spread was sufficient to dramatically reduce
viral cytopathology and associated developmental
changes. Embryonic cellular memory [54] appears insuffi-
cient to maintain progressive pathogenesis.

NF kB and mCMV-induced pathogenesis

Evidence indicates that the early CMV protein, IE1, acti-
vates canonical NF«kB (p50/RelA) by inducing its nuclear
localization, rather than transcriptional/translational
upregulation [55,56]. Activated NFxB binds to the NF«kB
recognition sites of viral ie genes and a large array of host
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Figure 8

Acyclovir treatment inhibits mCMV replication and rescues the mCMV-induced abnormal phenotype. 3-gal (mCMV) staining is
seen throughout EI5 + 6 SMGs infected with 50,000 PFU mCMV (A) but is absent from SMGs cultured with mCMV + acyclo-
vir (CMV + Acy) (B). C-F. Histological analysis of control (C), acyclovir-treated (Acy) (D), mCMV-infected (E), and mCMV-
infected explants treated with acyclovir (CMV + Acy) (F) SMGs. The epithelial (e) and mesenchymal (m) cellular morphology in
CMV + Acy glands (F) is similar to that seen in control (C) and acyclovir-treated (D) SMGs. Note that acyclovir treatment of
mCMV-infected SMGs (F) maintained the fibroblastic appearance of the mesenchyme (m); typically, mCMV-infected glands (E)
exhibit clusters of large, basophilic abnormal cells (arrows) in the periphery. Bar: A, B: 50 um; C-F: 20 um.
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Figure 9

Acyclovir rescues E15 SMGs infected for 3 days with mCMYV and cultured for an additional 3 days (EI5 + 6) (A, C, D) or 9 days
(E15 + 12) (B, C, F) in the presence (CMV + Acy3) or absence (CMV) of acyclovir treatment. On day 6 (A), there is a decrease
in B-gal (MCMV) staining in CMV + Acy3 SMGs compared to mCMV SMGs; by day 12 (B), acyclovir treatment results in sparse
[-gal staining. At EI15+6, with mCMV infection alone (C), abnormal epithelia surround dilated lumina (¥) and clusters of atypical
basophilic cells are seen in the periphery (arrows); in contrast, acyclovir treatment (D) partially restores the epithelial pheno-
type to that seen in control SMGs, with fewer atypical mesenchymal cells (arrows). At EI5 + 12, acyclovir treatment (F) results
in the near normal appearance of epithelia and mesenchyme (m); this markedly differs from the histopathology seen in EI5 +
2 CMV-infected SMGs (E). mc-metaplastic stromal cells. Bar: A, B: 50 um; C-F: 30 um.

Page 13 of 23

(page number not for citation purposes)



BMC Developmental Biology 2006, 6:42 http://www.biomedcentral.com/1471-213X/6/42

CMV CMV+SN50

Figure 10

mCMYV infection and SN50 inhibition of canonical NFkB nuclear translocation. With mCMV+SN50 treatment of E15 SMGs (B),
there is a notable increase in 3-gal (MCMV) staining compared to mCMV infection alone (A). Control EI5 + 6 SMGs (C) are at
the Terminal Bud Stage with epithelia surrounding distinct lumina; EI5 + 6 SN50-treated SMGs (D) are characterized by a mod-
est decrease in epithelia and larger, somewhat dilated lumina. The glandular morphology of CMV + SN50 (F) differs from that
seen with SN50 (D) or mCMYV infection (E) alone. mCMV-infected EI5 + 6 SMGs (E) exhibit peripherally-localized clusters of
large, atypical, basophilic cells (arrows) and greatly dilated lumen (*); by contrast, the stroma of the CMV + SN50 EI5 + 6
SMGs is almost entirely composed of polygonal cells with darkly staining nuclei and often eosinophilic cytoplasm, the metaplas-
tic cell type typical of EI5 + 12 mCMV-infected SMGs (compare to Fig. 9E). Bar: A, B: 50 um; C-F: 30 um.
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Figure 11

Immunolocalization of RelB and NFkB2 in mCMV-infected E15 + 6 SMGs. A-C. RelB localization. Insert: NFkB2 localization. In
control SMGs, RelB (A) (black arrowheads) and NFxB2 (insert, white arrows) are seen in epithelia surrounding forming lumina
and not in the stroma. With CMV infection (B, C), RelB is seen in the nuclei of stromal cells (black arrows), many of which
exhibit inclusion bodies. RelB is also seen in the nuclei of ductal epithelia (black arrowheads) surrounding enlarged lumina (C).
In CMV-infected glands, NFkB2 is seen in the cytoplasm of large stroma cells (insert, white arrowheads) and epithelia sur-

rounding lumina (data not shown). Bar: 50 um.

cell genes. It is reasonable, then, to expect that inhibition
of NFkB nuclear localization would moderate mCMV-
induced pathogenesis, either through an impact on the
virus or host cells. In fact, the results of just such an exper-
iment are quite the reverse of expected (Fig. 10). mCMV
infection of E15 SMGs in the presence of SN50, a cell per-
meable inhibitor of canonical NFkB nuclear transloca-
tion, exhibits an early accelerated viral replication (Fig.
10A, B) and SMG dysplasia. At E15 + 6 (Fig. 10E, F), the
pathology is more characteristic of the typical mCMV-
infected E15 + 12 SMGs (e.g. Fig. 9E).

These results are consistent with recent studies in human
and mouse fibroblast cells grown in culture suggesting
that canonical NFkB has paradoxical roles in infected cells
[56]. Further, Sonenshein's group [51,52] presents evi-
dence that non-canonical RelB dimers may be more criti-
cal to de novo host tissue gene expression and pathology.

Here we find an upregulation of Relb and Nfkb2 (Table 1),
as well as the nuclear localization of RelB (Fig. 11).
Indeed, compensatory upregulation of Relb and Nfkb2 in
the presence of SN50 may ultimately prove to be the
explanation for accelerated viral replication and pathol-

ogy (Fig. 10).

Discussion

Communication, reciprocal or otherwise, between epithe-
lium and mesenchyme is a critical ontogenic event for
many organs and tissues; salivary gland development is a
classic example [57]. Since human studies suggest [14,15],
and mouse models clearly demonstrate [17,21], that CMV
is dysmorphogenic to early organ and tissue develop-
ment, and since CMV has a particular affinity for embry-
onic and adult salivary glands [17,58], we investigated the
cell and transcriptional affects of mCMV infection on
developing mouse embryonic submandibular salivary
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Figure 12

Working model of CMV-induced salivary gland dysmorphology. — Single or multistep stimulatory modification. = single or
multistep stimulatory modification of unknown mechanism. single or multistep inhibitory modification. RKT: Receptor Tyro-

sine Kinase. DNA: host DNA. vDNA: viral DNA.

glands (SMG). Our experimental results provide a portal
to the complexity of the pathogenesis. Figure 12 summa-
rizes and tentatively models our complex findings in the
context of the extant literature, and is explicated below.

With rare exception, viral protein (IE1) is only immunolo-
calized to stromal cells. After 12 days in culture, mCMV

infected E15 SMGs are highly dysmorphic. The epithelial
component, normally the principle cell type, is character-
ized by diminished proliferation, cessation of branching,
and a dramatic near absence of terminal buds (future
acini). Unlike normal ducts which have a bilaminar struc-
ture of stratified basal and luminal cell layers, affected
ducts display a disordered pseudostratified epithelium.
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The lumina are greatly enlarged and filled, to varying
degrees, with living and dead cells that appear to have
budded off the epithelium alone or in clusters, a pheno-
type reminiscent of secretory gland neoplasia. These
abnormal ductal structures are embedded in a hypercellu-
lar stroma that no longer resembles mesenchyme. Indeed,
the ductal basement membrane is greatly diminished and
epithelial cell migration appears to contribute to the stro-
mal cell population as well. The plump, polygonal-
shaped, stromal cells are generally characterized by large,
darkly staining nuclei, densely eosinophilic cytoplasm,
and mitochondrial hyperplasia. These cells very much
mimic oncocytotic metaplasia [24,25].

The proliferating stromal cells in infected SMGs are appar-
ently not homogeneous. One group appears to be epithe-
lial in origin and is characterized early on by cytoplasmic
localization of the epithelial proteins cytokeratin, E-cad-
herin, and p120, and later by epithelial-specific mucin
protein and nuclear localization of B-catenin; another
group has none of these characteristics and is probably of
fibroblast origin. Heterogeneity notwithstanding, in com-
mon, these stromal cells are individually surrounded by
fibronectin, anchored by a5/B1 integrin, and often
express COX-2 protein.

The initiation of mCMV/SMG fibroblast interaction is a
function of viral binding to the cell surface and viral entry
following fusion of its envelope to the cell membrane
[59]. Subsequent to viral entry, virion components,
including the viral genome, are rapidly transported to the
host cell nucleus for viral transcription and replication.
mCMYV expresses ~200 viral products in a temporal, cas-
cade-like manner: immediate early (IE), early, and late.

To achieve its goals, the virus co-opts the host cell genome
and proteome. In the process, CMV infection of fibrob-
lasts inhibits cell cycle progression [60,61], as well as cell
death [27,29-32]. Thus, the infected host cell becomes a
homeostatic "factory" for viral replication and paracrine
signaling to uninfected SMG fibroblast and epithelial cells
nearby or distant (Fig. 12). Replication of active mCMYV is
essential to the initiation and maintenance of embryonic
SMG pathogenesis (Figs. 8, 9). The primary response to
aberrant paracrine (and perhaps juxtacrine) signaling is
the transcription factor-mediated up or down regulation
of downstream genes. Our initial investigation has identi-
fied several important transcripts in this regard (Table 1).

Studies of the global and local properties of transcription-
regulating networks reveal that the number of target genes
regulated by each transcription factor follows a power-law
distribution, i.e. a small number of hub nodes are con-
nected to a very large number of other nodes (see review
[62]). One such hub critical to regulation of embryonic
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SMG cell proliferation and apoptosis is NFkB [44]. NFkB
signaling occurs via two independent pathways, the
canonical NFkB1(p50)/RelA and the noncanonical
NFkB2(p52)/RelB.

It is well established that mCMV and hCMV induces
canonical NFxB during infection in fibroblasts, as well as
other cell types, and this activation facilitates viral replica-
tion in some but not all settings [56,63-66]. It appears that
viral IE1 activates NFxB by inducing nuclear localization,
rather than transcript upregulation [55,56]. Reciprocally,
there are NFxB recognition sites in the promoter and
enhancer regions of ie genes [67]. Here we report that viral
IE1 is expressed in the stromal cells of mCMV infected
embryonic SMGs (Fig. 4), and that there is a coincident
significant upregulation of noncanonical RelB and NFkB2
(p100/p52) transcript (Table 1). Recently, it has been
shown that IE1 also induces the transcription of Relb, and
that induction of the Relb promoter is mediated by JNK
activation of AP-1 [51,52]. Thus, it is reasonable to expect
that both pathways are activated and contributing to the
pathogenesis of embryonic SMGs (Fig. 12).

Even if so, it is not without its complexity. Recently, Ben-
edict et al. [56] have shown that for CMV replication in
cultured fibroblasts, activation of the canonical
NFxB1(p50)/RelA pathway and binding of p50/RelA to
the major ie gene promoter is dispensable. Indeed, RelA
may even suppress the potentiation of mCMV replication.
The studies reported here in whole SMG explants support
these findings (Fig. 10). Thus, while the canonical NFkB
pathway may be an early participant in host cell mCMV
replication and pathogenesis, paradoxically, it also buffers
both.

IL-6, an NFkB target, is a multifunctional cytokine that
mediates cell proliferation through the JAK-SHP2 path-
way and cell terminal differentiation and survival through
the JAK-STAT pathway [68,69]. IL-6 and its cognate recep-
tors (IL-6R, gp130) are normally expressed only in SMG
epithelia from the Canalicular Stage to the Late Terminal
Bud Stage, as are STAT3 and bcl2; IL-6 signaling is an
important factor in SMG developmental homeostasis
[34]. mCMV replication in embryonic SMGs results in an
enhanced expression of IL-6 protein in poorly proliferat-
ing ductal epithelia (Fig. 5), as well as a significant upreg-
ulation of 116 (23-fold) and Stat3 (~2-fold) transcript and
downregulation of Erk1 transcript (Table 1).

Taken together, these findings are dispositive of the his-
topathology (Figs. 1, 5): early diminished cell division
and exaggerated maturation of ductal epithelia, and later
epithelial invasion of the ductal space and stroma. The
former is entirely consistent with the well-documented
observation that STAT3 levels are key to the cellular choice
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between proliferation and maturation, low levels favoring
proliferation and higher levels of maturation (see review
[70]). As to the latter, among STAT family members, EGF-
R-dependent and EGF-R-independent (i.e. IL-6) constitu-
tive activation of STAT3 is the most frequently associated
with deregulated (anti-apoptotic) cell growth and neopla-
sia [71]. Finally, it should be noted that the upregulation
of STAT3 is not necessarily related to the upregulation of
IL-6. Prior IL-6 gain of function studies reveal a dramatic
increase in epithelial branching consequent to a 3-fold
increase in epithelial cell proliferation, i.e. induction of
the mitogenic JAK-SHP2 pathway, not the JAK-STAT3
maturation pathway [34].

COX-2 is another NF«B target. Here we report that, with
mCMYV infection, there is a highly significant, 15-fold,
increase in Cox2 transcript (Table 1), as well as a dramatic
appearance of COX-2 protein first in infected fibroblasts
and later in metaplastic stromal cells (Fig. 7). COX-2 con-
verts arachidonic acid to the intermediate PGH2, which is
then converted to PGE2 by PGE synthase; PGE2 release
from cells and binding to EP receptors, results in a broad
activation of cAMP with downstream effects similar to
protein kinase inducers (see review [72]). In the mCMV
associated pathogenesis of SMG dysplasia, NF«xB-medi-
ated upregulation of COX-2 is most probably both
mCMV-induced and pathology-induced (Fig. 12).

Investigating the relationship between CMV infection,
induction of COX-2, synthesis of PGE2 and viral replica-
tion, Zhu et al. [41] found that after exposure of fibroblast
cells to CMYV, the synthesis and release of PGE2 becomes
maximally elevated within the first 24 hrs, well before
release of progeny virus has begun. This is accompanied
by a dramatic increase in COX-2 protein in infected
fibroblasts. COX-2 inhibition by specific inhibitors results
in a downregulation of many viral transcripts and pro-
teins, including the IE transcriptional activator; conse-
quently, viral DNA synthesis and replication is
substantially blocked. Thus, elevated levels of COX-2 and
PGE2 are required for efficient replication of CMV in
fibroblasts. Our present results would suggest the same is
likely in SMG fibroblasts (Fig. 7C).

Additionally, with progressive mCMV-induced SMG
pathogenesis, one finds proliferating metaplastic stromal
cells individually anchored to fibronectin (FN) by a5/81
integrin; many of these cells express COX-2 protein and
display nuclear localization of B-catenin (Figs. 1, 7).
Regardless of origin, the metaplastic stromal cells form
o5/B1 integrin complexes and deposit the cognate ligand,
FN. This large, extracellular matrix protein is assembled in
elastin fibrils and subjected to contractile forces [73]. a5/
B1 integrins serve as the interface between extracellular
tensile cues and biochemical signals in the cytosol [74],
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including cell proliferation and cell survival [75,76]. Our
findings suggest the likely function in metaplastic stromal
cells of a recently described FN signaling cascade: FN —
05/p1 - MAPK — NFkB — COX-2 ([38]; Fig. 12). COX-
2 mediated PGE2 signaling would directly activate 3-cat-
enin nuclear translocation and the expression of survival
and growth-promoting genes [39], and perhaps the trans-
activation of tyrosine kinase receptors as well [77].

Finally, there is histologic and immunohistologic evi-
dence (Figs. 2, 6, 7) that suggests mCMV-induced epithe-
lial emigration and metaplasia - a kind of
epitheliomesenchymal transition (EMT): dissociation
towards single, disseminating polygonal cells with strong
nuclear accumulation of B-catenin. This is not unlike
some premalignant and malignant lesions (e.g. [78]). To
be sure, ex vivo, whole organ verification of EMT is difficult
to assay because of the transient and reversible nature of
the process per se, and the lack of definitive markers that
distinguish "neoplastic" cells undergoing EMT from
neighboring stromal fibroblasts [79]. Nevertheless, the
expression of epithelial-specific proteins (cytokeratin, E-
cadherin, p120 and mucin) in a subpopulation of stromal
cells would appear indicant, and could reasonably explain
why CMV-induced stromal changes closely phenocopy
oncocytic metaplasia.

The relationship between CMV and cancer has been con-
fusing, contradictory, and controversial. Thirty years ago,
Geder et al [80] reported the oncogenic transformation of
human embryonic lung cells by hCMV. The tumors were
composed of small, poorly differentiated, polygonal cells
with large nuclei and scanty cytoplasm embedded in
abundant matrix. In the ensuing years, the debate has
been well-joined (see e.g. [81-85]). mCMV-induced,
oncocytic-like, metaplasia and atypical ductal epithelial
hyperplasia in embryonic SMGs suggest that the relation-
ship between CMV and salivary gland tumors deserves a
fresh look, particularly since salivary glands are a primary
target for productive infection, subsequent latency, and
reactivation.

Conclusion

In summary, mCMYV infection of embryonic mouse SMG
explants results in dysplasia, metaplasia, and possibly,
anaplasia. Initial investigation indicates that the molecu-
lar pathogenesis centers around the activation of canoni-
cal and, perhaps more importantly, noncanonical NFxB.
Further, COX-2 and IL-6 are key downstream effectors of
embryopathology. At the cellular level, there appears to be
a consequential interplay between the transformed SMG
cells and the surrounding extracellular matrix, resulting in
the nuclear translocation of B-catenin. Much is obviously
unknown. Nevertheless, a tentative framework has
emerged (Fig. 12) within which additional studies may be
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planned and performed to clarify the spatiotemporal
molecular pathogenesis.

Methods

Embryonic SMG culture system and mCMYV infection
Female B10A/SnSg mice, obtained from Jackson Labora-
tories (Bar Harbor, ME), were maintained and mated as
previously described [22]; plug day = day O of gestation.
Timed-pregnant females were sacrificed on gestation day
15 (E15) and embryos were dissected in cold phosphate-
buffered saline (PBS). All animal studies were conducted
with the approval of the appropriate committees regulat-
ing animal research. An Animal Review Board and a
Vivaria Advisory Committee review all applications to
ensure ethical and humane treatment.

E15 SMG (mostly Canalicular Stage) primordia were cul-
tured using a modified Trowell method as previously
described [34,44,45]. The defined media consisted of
BGJb (Invitrogen Corporation, Carlsbad, CA) supple-
mented with 0.5 mg ascorbic acid/ml and 50 units/ml
penicillin/streptomycin (Invitrogen Corporation), pH
7.2; media was changed daily. Since notable differences in
SMG branch number and size are usually seen among lit-
termates, we employed a paired-design which compared
right and left glands (treated and control) from each
embryo.mCMYV infection: on day 0, E15 SMGs were incu-
bated with 10,000 to 200,000 plaque-forming units
(PFU)/ml of lacZ-tagged mCMV RM427+[86] for 24 hrs
and then cultured in virus-free BGJb defined media for an
additional 2-11 (E15 + 3 to E15 + 12) days. Explants were
collected and processed for whole mount morphology,
routine histology, immunohistochemistry or multigene
expression.

For whole mount morphological and size analyses, SMGs
were photographed using a Wilde dissecting microscope
at 25x and the area of each gland was determined using
Image-Pro Version 4.0 (Media Cybernetics, Silver Spring,
Maryland). The following groups were analyzed: 10,000
PFU: E15 + 3 (n = 7), E15 + 6 (n = 18); 50,000 PFU: E15
+3 (n=11), E15 + 6 (n = 12); 100,000 PFU: E15 + 3 (n =
17), E15 + 6 (n = 29), E15 + 12 (n = 5); 200,000 PFU: E15
+3 (n=06); E15 + 6 (n = 8). The significance of area differ-
ences between viral-infected and control SMGs was deter-
mined by Student t-test using a matched-pairs design.

For histological analysis, SMGs were fixed for 4 hrs in Car-
noy's fixative at 4° C or overnight in 10% neutral buffered
formalin at room temperature, embedded in paraffin,
serially-sectioned at 8 um and stained with hematoxylin
and eosin as previously described [22,49]. For each exper-
imental protocol, 3-20 SMGs/mCMV concentration/day
were analyzed.
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mCMYV analysis

To obtain a measure of mCMYV infection, we assayed for 3-
galactosidase (lacZ) activity, viral titer/gland and localiza-
tion of viral immediate early (IE1) proteins. -galactosi-
dase (-gal) staining: Paired E15 + 3, E15 + 6 and E15 +
12 SMGs were fixed for 20 min at room temperature in
0.2% gluteraldehyde in PBS, washed 3 times in rinse solu-
tion (0.005% Nonidet P-40 and 0.01% sodium deoxycho-
late in PBS), stained for 4-6 hrs at room temperature in
standard staining solution (5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, 2 mM MgCl,, 0.4% X-gal
in PBS), rinsed twice in PBS and microphotographed at
25x. B-gal whole mounts were then dehydrated through
graded alcohols, embedded in paraffin, serially-sectioned
at 8 um and counterstained with eosin. Viral titer: E15 +
3 and E15 + 6 SMGs were collected, stored at -80°C in
DMEM shipping media [87] and titered by plaque assay as
previously described [87]. IE1 distribution: SMGs were
fixed in Carnoy's fixative, serially-sectioned at 8 pm, and
incubated overnight with anti-IEI as previously described
[88]. Controls consisted of sections incubated with mouse
IgG alone. For each experimental protocol, 3-10 SMGs/
mCMYV concentration/day were analyzed.

Cell proliferation assay

Cell proliferation was determined by the localization of
PCNA (proliferating cell nuclear antigen) as previously
described [44]. Briefly, paired E15+ 3, E15 + 6 and E15 +
12 SMGs were fixed in Carnoy's fixative, serially-sec-
tioned, incubated with anti-PCNA using the Zymed
mouse PCNA kit (Invitrogen Corp.) and counterstained
with hematoxylin. In this experiment, the cytoplasm
appears blue and PCNA-positive nuclei appear dark
brown. Three sections per slide and 3-5 SMGs per group
were analyzed.

Antibodies and immunostaining

Immunolocalization was conducted essentially as previ-
ously described [34,44,45]. The following monoclonal
(Mab) and polyclonal (Pab) antibodies were used: Mab
ATP-synthetase (Mitochondria marker) (#MAB3494,
Chemicon International, Temecula, CA); Mab a/5-integrin
(# 103801, Biolegend, San Diego, CA); Mab B1-integrin
(# 102201, Biolegend); Pab B-catenin (# AB19022,
Chemicon International); Pab cytokeratin (# ab9377,
Abcam Inc., Cambridge, MA); Pab COX-2 (# 160106,
Cayman Chemical Company, Ann Arbor, MI); Mab E-cad-
herin (# 610181, BD Biosciences, San Jose, CA); Pab FN
(# F3648, Sigma-Aldrich Corp., St. Louis, MO); Pab IL-6
(# sc-1265, Santa Cruz Biotechnology, Inc., Santa Cruz,
California); Pab p120 (# sc-1101, Santa Cruz Biotechnol-
ogy, Inc); Pab mucin [35]. For immunofluorescent analy-
ses, Pab's were incubated with biotin-labeled rabbit IgG or
anti-goat IgG (MP Biomedical, Aurora, OH) and then
with Alexa-Fluor-labeled streptavidin (Invitrogen Corpo-
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ration). Mab's were incubated with biotin-labeled anti-
mouse IgG or anti-rat IgG (Jackson Laboratories, West
grove, PA) and then with Alexa-Fluor-labeled streptavidin.
Hamster antibodies (B-1 integrin) were incubated in
FITC-labeled hamster IgG (Biolegend). Nuclei were coun-
terstained with DAPI (Invitrogen Corporation). Immuno-
histochemistry was conducted essentially as previously
described, using the Chemicon Tissue Staining Kit. Sec-
tions were viewed on a Zeiss Axioplan Microscope and
photographed using 10%, 20x and 40x objectives. Confo-
cal images were obtained using a Zeiss LSM-510 laser
scanning confocal/multiphoton microscope (Carl Zeiss
Inc. Thornwood NY) and the accompanying LSM version
3.2 image acquisition and analysis software. Cells were
imaged using a plan-neofluor 1.3 numerical aperture, 40x
objective lens. Alexa-Fluor- and FITC-labeled images were
captured using a 488 nm Argon laser for excitation and a
505-530 nm band-pass filter to detect emission. DAPI
images were captured using a 800 nm Mira titanium sap-
phire laser for excitation and a 390-465 nm band-pass fil-
ter to detect emission.

CMY replication and pathology

Acyclovir, a synthetic purine nucleoside analgogue, is a
highly selective agent for CMV with low toxicity to the
host cell [53]. Acyclovir sodium (100 mg/20 ml) was pur-
chased from American Pharmaceutical Partners, Inc
(Schaumberg, 11). Since acyclovir has been shown at high
doses to be teratogenic to rat embryos [89-91], we first
determined the highest dose that is not teratogenic to E15
SMGs in vitro. Paired E15 SMGs were cultured in acyclovir
(10 pg/ml, 20 pg/ml, 50 pg/ml or 100 pg/ml) or control
medium for 3 (E15 + 3) or 6 days (E15 + 6) and acyclovir
and control SMGs were compared by whole mount and
histological analyses. Since doses > 20 ug/ml acyclovir
inhibited SMG branching and development, we
employed 10 pg/ml acyclovir in all future experiments.
Since no significant size differences were seen in SMGs
infected with 50,000, 100,000 or 200,000 PFU mCMYV, we
infected SMGs with 50,000 PFU mCMV in this set of
experiments. In the first experiment, we compared paired
E15 SMGs infected with 50,000 PFU mCMV for 24 hrs
and then cultured in control medium +/- 10 ug/ml acyclo-
vir for a total of 6 days (CMV v. CMV + Acy) in culture;
controls consisted of paired E15 SMGs cultured in control
medium for 24 hrs and then in control medium +/- 10 pg/
ml acyclovir for a total of 6 days (CONT v. Acy). E15 + 6
SMGs were collected and analyzed for whole mount mor-
phology, mCMV infection (j3-gal staining, titer determina-
tion), histopathology, and cell proliferation as described
above. In the second experiment, E15 SMG explants were
infected with mCMYV for 72 hrs and cultured for an addi-
tional 3 (E15 + 6) or 9 (E15 + 12) days in the presence or
absence of 10 pg/ml acyclovir (CMV v. CMV + Acy3).
Controls consisted of E15 SMGs cultured in control
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medium (CONT) or control medium to which 10 pg/ml
acyclovir was added after 72 hrs (Acy3). E15 + 6 and E15
+ 12 SMGs were analyzed for whole mount morphology,
mCMYV infection (B-gal staining), histopathology, and cell
proliferation. For each assay, 3-15 SMGs/group/day were
analyzed.

SN50 inhibition of canonical NFxB nuclear translocation
The cell permeable peptide SN50 (Biomol Research, Ply-
mouth Meeting, PA) has been shown to inhibit canonical
NFxB translocation into the nucleus. Previous studies in
our laboratory have demonstrated that 100 pug/ml SN50
results in significant inhibition of SMG development [44].
In this set of experiments, we compared E15 + 6 SMGs
infected with 50, 000 PFU mCMV and cultured in the
presence or absence of 100 ng/ml SN50 for the entire cul-
ture period; concurrent control and SN50-treated E15 + 6
SMGs were also compared. As an additional control
experiment, we cultured mCMV-infected SMGs in the
presence or absence of SN50M, the control peptide; no
differences were seen between E15 + 6 mCMV-infected
and mCMV-infected + SN50M explants. The SMGs were
analyzed for mCMYV infection (B-gal staining) and his-
topathology; 3-10 explants/group were analyzed.

RT-PCR

Paired E15 + 6 SMGs infected with 100,000 PFU CMV or
cultured in BGJb control medium were pooled (10-12
SMGs/sample) and stored at -80°C in Trizol (Invitrogen
Corporation). The glands were homogenized using lysing
matrix D (FastRNA Pro Green kit, Q-Biogene, Morgan
Irvine, CA) and RNA was extracted using the Trizol proto-
col according to manufacturer. One microgram RNA was
reverse transcribed into first strand cDNA using Reaction-
Ready™ First Strand cDNA Synthesis Kit: C-01 for reverse
transcription (Superarray Biosciences, Frederick, MD).
The kit uses random primers (hexamers) and MMLV
reverse transcriptase to reverse transcribe the entire popu-
lation of RNA in an unbiased manner. Real time quantita-
tive PCR was conducted with a BioRad iCycler® using
primers and templates mixed with the PAO11 master mix
(RT? Real-Time™ SYBR Green/Fluorescein PCR master
mix, Superarray Bioscences). The primer sets used were
prevalidated to give single amplicons and purchased from
Superarray  Biosciences: Bcl2  (#PPMO02918A-24),
Caspase3 (#PPM02922A-22), c-myc (#PPM02924A-24),
Cdh1 (#PPM03652A-24), Ctnnbl (#PPMO03384A-24),
Cox2 (#PPM03647A-24), cyclinD1 (#PPM02903A-24),
cyclinD2 (#PPM02900A-24), Egfr (#PPM03714A-24),
Fnl (#PPM03786A-24), 116 (#PPM03015A-24), Jnkl
(#PPM03234A-24), 1Itga5 (#PPMO3609A-24), Iigbl
(#PPM03668A-24), Lefl (#PPM05441A-24), Mapk3
(#PPM03585A-24), Mdm2 (#PPM02929A-24), Nfkb1l
(#PPM02930A-24), Nfkb2 (#PPM03204A-24), p53
(#PPM02931A-24), Rela (#PPM04224A-24), Relb
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(#PPMO3202A-24), Stat3 (PPM04643A-24), TGFb1 (#
PPM02991A-24), Tgfb2 (#PPM02992A-24), Tgfb3
(#PPM02993A-24), Tnf (#PPM03113A-24). Primers were
used at concentration of 0.4 microM. The cycling parame-
ters were 95°C, 15 min; 40 cycles of (95°C, 15 sec; 55°C,
30-40 sec and 72°C, 30 sec). Specificity of the reactions
was determined by subsequent melting curve analysis. RT-
PCRs of RNA (not reverse transcribed) were used as nega-
tive controls. GAPDH was used to control for equal cDNA
imputs and the levels of PCR product were expressed as a
function of GAPDH. The relative fold changes of gene
expression between the CMV-infected and control glands
were calculated by the 2-4ACT method. For each gene of
interest, we analyzed 3-5 independent samples. Signifi-
cant departures from the hypothesis that there are no dif-
ferences between CMV-infected and control glands were
determined by Student t-test.

Authors' contributions

MM conceived and designed this study, participated in
analysis of histopathology, performed the statistical anal-
ysis, and drafted the manuscript. TJ participated in exper-
imental design, was involved in and coordinated all
experiments, and helped draft the manuscript. GA pre-
pared the histological sections, performed some of the
morphology and cell proliferation experiments, and gen-
erated figures. ESM provided mCMYV and participated in
the experimental design. JH conducted viral titer assays
and IE1 immunohistochemistry. All authors read and
approved the final manuscript.

Acknowledgements

This research was supported by NIH grants RO DE014535 (TJ/MM) and
RO1 A130363 (ESM). Confocal imaging was conducted at the Doheny Eye
Institute Specialized Imaging Core Facility which is supported in part by
core grant EY03040, National Eye Institute.

References

I.  Farber S, Wolbach SB: Intranuclear and cytoplasmic inclusions
("protozoan-like bodies") in the salivary glands and other
organs of infants. Am | Pathol 1932, 8:123-135.

2. Smith MG: Propagation in tissue cultures of a cytopathogenic
virus from human salivary gland virus (SGV) disease. Proc Soc
Exp Biol Med 1956, 92:424-430.

3. Weller TH: The cytomegaloviruses: Ubiquitous agents with
protean clinical manifestations. I. N Engl | Med 1971,
285:203-214.

4.  Weller TH: The cytomegaloviruses: Ubiquitous agents with
protean clinical manifestations. Il. N Engl | Med 1971,
285:267-274.

5.  Davison AJ: Comparative betaherpesvirus genome and virion
structure. In Human Herpesviruses: Biology, Therapy, and Immuno-
prophylaxis Edited by: Arvin AM, Mocarski ES, Moore P, Whitley R,
Yamanishi K, Gampadelli-Fiume G and Roizman B. Cambridge, Cam-
bridge Press; 2006.

6.  Azam A-Z, Vial Y, Fawer C-L, Zufferey |, Hohlfeld P: Prenatal diag-
nosis of congenital cytomegalovirus infection. Obstet Gynecol
2001, 97:443-448.

7.  Syridou G, Skevaki C, Kafetzis DA: Intrauterine infection with
parvovirus B19 and CMV: implication in early and late gesta-
tion fetal demise. Expert Rev Anti Infect Ther 2005, 3:651-661.

8.  Pass RF: Cytomegalovirus. In Fields Virology Volume 2, Fourth Edition
Edited by: Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin MA,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

http://www.biomedcentral.com/1471-213X/6/42

Roizman B and Straus SE. Philadelphia, Lippincott Williams & Wilkins;
2001:2675-2705.

Ornoy A, Diav-Citrin O: Fetal effects of primary and secondary
cytomegalovirus infection in pregnancy. Reprod Toxicol 2006,
21:399-409.

Elbou Ould MA, Luton D, Yadini M, Pedron B, Aujard Y, Jacqz-Aigrain
E, Jacquemard F, Sterkers G: Cellular immune response of
fetuses to cytomegalovirus. Pediatr Res 2004, 55:280-286.

Pass RF, Fowler KB, Boppana SB, Britt W], Stagno S: Congenital
cytomegalovirus infection following first trimester maternal
infection: symptoms at birth and outcome. | Clin Virol 2006,
35:216-220.

Eskild A, Jenum PA, Bruu AL: Maternal antibodies against
cytomegalovirus in pregnancy and the risk of fetal death and
low birth weight. Acta Obstet Gynecol Scand 2005, 84:1035-1041.
Gaytant MA, Rours G, Steegers EA, Galama |M, Semmekrot BA:
Congenital cytomegalovirus infection after recurrent infec-
tion: case reports and review of the literature. Eur | Pediatr
2003, 162:248-253.

Griffiths PD, Baboonian C: A prospective study of primary
cytomegalovirus infection during pregnancy: final report. Br
J Obstet Gynaecol 1984, 91:307-315.

Huang SL: Study of intrauterine cytomegaloviruses infection
in pregnant women and fetuses. Zhonghua Fu Chan Ke Za Zhi
1990, 25:337-339.

Tamiolakis D, Venizelos I, Lambropoulou M, Kotini A, Barbagadaki S,
Nikolaidou S, Boglou P, Papadopoulos N: Human decidual cells
activity in women with spontaneous abortions of probable
CMYV aetiology during the first trimester of gestation. An
immunohistochemical study with CMV-associated antigen.
Acta Medica (Hradec Kralove) 2004, 47:195-199.

Baskar JF, Furnari B, Huang ES: Demonstration of developmental
anomalies in mouse fetuses by transfer of murine cytomeg-
alovirus DNA-injected eggs to surrogate mothers. | Infect Dis
1993, 167:1288-1295.

Baskar JF, Peacock J, Sulik KK, Huang ES: Early-stage developmen-
tal abnormalities induced by murine cytomegalovirus. | Infect
Dis 1987, 155:661-666.

Baskar JF, Stanat SC, Sulik KK, Huang ES: Murine cytomegalovirus-
induced congenital defects and fetal maldevelopment. | Infect
Dis 1983, 148:836-843.

Krmpotic A, Bubic |, Polic B, Lucin P, Jonjic S: Pathogenesis of
murine cytomegalovirus infection.  Microbes Infect 2003,
5:1263-1277.

Tsutsui Y: Developmental disorders of the mouse brain
induced by murine cytomegalovirus: Animal models for con-
genital cytomegalovirus infection. Pathol Int 1995, 45:91-102.
Jaskoll T, Melnick M: Submandibular gland morphogenesis:
stage-specific expression of TGF-alpha/EGF, IGF, TGF-beta,
TNF, and IL-6 signal transduction in normal embryonic mice
and the phenotypic effects of TGF-beta2, TGF-beta3, and
EGF-r null mutations. Anat Rec 1999, 256:252-268.

Melnick M, Jaskoll T: Mouse submandibular gland morphogen-
esis: a paradigm for embryonic signal processing. Crit Rev Oral
Biol Med 2000, 11:199-215.

Shintaku M, Honda T: Identification of oncocytic lesions of sali-
vary glands by anti-mitochondrial immunohistrochemistry.
Histopathology 1997, 31:408-411.

Capone RB, Ha PK, Westra WH, Pilkington TM, Sciubba ]J, Koch
WM, Cummings CW: Oncocytic neoplasms of the parotid
gland: a | 6-year institutional review. Otolaryngol Head Neck Surg
2002, 126:657-662.

Brune W, Menard C, Heesemann ], Koszinowski UH: A ribonucle-
otide reductase homolog of cytomegalovirus and endothelial
cell tropism. Science 2001, 291:303-305.

Skaletskaya A, Bartle LM, Chittenden T, McCormick AL, Mocarski ES,
Goldmacher VS: A cytomegalovirus-encoded inhibitor of apop-
tosis that suppresses caspase-8 activation. Proc Natl Acad Sci U
SA 2001, 98:7829-7834.

Menard C, Wagner M, Ruzsics Z, Holak K, Brune W, Campbell AE,
Koszinowski UH: Role of murine cytomegalovirus US22 gene
family members in replication in macrophages. | Virol 2003,
77:5557-5570.

McCormick AL, Smith VL, Chow D, Mocarski ES: Disruption of
mitochondrial networks by the human cytomegalovirus

Page 21 of 23

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13350368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13350368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4325893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4325893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4326257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4326257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11239654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11239654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16107203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16107203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16107203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16580941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16580941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14630988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14630988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16368262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16368262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16368262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16232169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16232169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16232169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12647198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12647198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12647198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6324849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6324849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2178082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2178082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15568739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15568739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8388900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8388900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8388900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3029242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3029242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6313819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6313819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14623023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14623023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7742931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7742931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7742931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10521784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10521784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10521784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12002815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12002815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9416480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9416480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12087334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12087334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11209080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11209080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11209080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11427719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11427719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12719548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12719548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12477866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12477866

BMC Developmental Biology 2006, 6:42

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

UL37 gene product viral mitochondrion-localized inhibitor
of apoptosis. | Virol 2003, 77:631-641.

McCormick AL, Skaletskaya A, Barry PA, Mocarski ES, Goldmacher
VS: Differential function and expression of the viral inhibitor
of caspase 8-induced apoptosis (vVICA) and the viral mito-
chondria-localized inhibitor of apoptosis (vMIA) cell death
suppressors conserved in primate and rodent cytomegalovi-
ruses. Virology 2003, 316:221-233.

McCormick AL, Meiering CD, Smith GB, Mocarski ES: Mitochon-
drial cell death suppressors carried by human and murine
cytomegalovirus confer resistance to proteasome inhibitor-
induced apoptosis. | Virol 2005, 79:12205-12217.

Smith GB, Mocarski ES: Contribution of GADD45 family mem-
bers to cell death suppression by cellular Bcl-xL and cytome-
galovirus vMIA. | Virol 2005, 79:14923-14932.

Andoniou CE, Degli-Esposti MA: Insights into the mechanisms of
CMV-mediated interference with cellular apoptosis. Immunol
Cell Biol 2006, 84:99-106.

Melnick M, Chen H, Zhou YM, Jaskoll T: Interleukin-6 signaling
and embryonic mouse submandibular salivary gland mor-
phogenesis. Cells Tissues Organs 2001, 168(4):233-245.

Jaskoll T, Chen H, Denny PC, Denny PA, Melnick M: Mouse sub-
mandibular gland mucin: embryo-specific mRNA and pro-
tein species. Mech Dev 1998, 74:179-183.

Melnick M, Chen H, Zhou Y, Jaskoll T: An alternatively spliced
Mucl0 glycoprotein ligand for putative L-selectin binding
during mouse embryonic submandibular gland morphogen-
esis. Arch Oral Biol 2001, 46:745-757.

Davis MA, Reynolds AB: Blocked acinar development, E-cad-
herin reduction, and intraepithelial neoplasia upon ablation
of pl20-catenin in the mouse salivary gland. Dev Cell 2006,
10:21-31.

Han S, Sidell N, Roser-Page S, Roman J: Fibronectin stimulates
human lung carcinoma cell growth by inducing cyclooxygen-
ase-2 (COX-2) expression. Int | Cancer 2004, 111:322-331.
Castellone MD, Teramoto H, Williams BO, Druey KM, Gutkind JS:
Prostaglandin E2 promotes colon cancer cell growth
through a Gs-axin-beta-catenin signaling axis. Science 2005,
310:1504-1510.

Speir E, Yu ZX, Ferrans V), Huang ES, Epstein SE: Aspirin attenu-
ates cytomegalovirus infectivity and gene expression medi-
ated by cyclooxygenase-2 in coronary artery smooth muscle
cells. Circ Res 1998, 83:210-216.

Zhu H, Cong JP, Yu D, Bresnahan WA, Shenk TE: Inhibition of
cyclooxygenase 2 blocks human cytomegalovirus replica-
tion. Proc Natl Acad Sci U S A 2002, 99:3932-3937.

Rue CA, Jarvis MA, Knoche A}, Meyers HL, DeFilippis VR, Hansen SG,
Woagner M, Fruh K, Anders DG, Wong SWV, Barry PA, Nelson JA: A
cyclooxygenase-2 homologue encoded by rhesus cytomega-
lovirus is a determinant for endothelial cell tropism. | Virol
2004, 78:12529-12536.

Kashimata M, Sayeed S, Ka A, Onetti-Muda A, Sakagami H, Faraggiana
T, Gresik EW: The ERK-1/2 signaling pathway is involved in the
stimulation of branching morphogenesis of fetal mouse sub-
mandibular glands by EGF. Dev Biol 2000, 220:183-196.

Melnick M, Chen H, Zhou Y, Jaskoll T: The functional genomic
response of developing embryonic submandibular glands to
NF-kappa B inhibition. BMC Dev Biol 2001, 1:15-33.

Melnick M, Chen H, Zhou Y, Jaskoll T: Embryonic mouse sub-
mandibular salivary gland morphogenesis and the TNF/
TNF-RI signal transduction pathway. Anat Rec 2001,
262:318-330.

Koyama N, Kashimata M, Sakashita H, Sakagami H, Gresik EW: EGF-
stimulated signaling by means of PI3K, PLCgammal, and
PKC isozymes regulates branching morphogenesis of the
fetal mouse submandibular gland. Dev Dyn 2003, 227:216-226.
Jaskoll T, Leo T, Witcher D, Ormestad M, Astorga J, Bringas P Jr,
Carlsson P, Melnick M: Sonic hedgehog signaling plays an essen-
tial role during embryonic salivary gland epithelial branching
morphogenesis. Dev Dyn 2004, 229:722-732.

Jaskoll T, Witcher D, Toreno L, Bringas P, Moon AM, Melnick M:
FGF8 dose-dependent regulation of embryonic submandibu-
lar salivary gland morphogenesis. Dev Biol 2004, 268:457-469.
Jaskoll T, Abichaker G, Witcher D, Sala FG, Bellusci S, Hajihosseini
MK, Melnick M: FGF10/FGFR2b signaling plays essential roles

50.
51,

52.

53.

55.

56.

57.
58.

59.

60.
6l.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

http://www.biomedcentral.com/1471-213X/6/42

during in vivo embryonic submandibular salivary gland mor-
phogenesis. BMC Dev Biol 2005, 5:11-22.

Raser JM, O'Shea EK: Noise in gene expression: origins, conse-
quences, and control. Science 2005, 309:2010-2013.

Jiang HY, Petrovas C, Sonenshein GE: RelB-p50 NF-kappa B com-
plexes are selectively induced by cytomegalovirus immedi-
ate-early protein |: differential regulation of Bcl-x(L)
promoter activity by NF-kappa B family members. | Virol
2002, 76:5737-5747.

Wang X, Sonenshein GE: Induction of the RelB NF-kappaB sub-
unit by the cytomegalovirus IE| protein is mediated via Jun
kinase and c-Jun/Fra-2 AP-1 complexes. | Virol 2005, 79:95-105.
Burns WH, Wingard JR, Bender W], Saral R: Thymidine kinase not
required for antiviral activity of acyclovir against mouse
cytomegalovirus. | Virol 1981, 39:889-893.

Jullien J, Gurdon J: Morphogen gradient interpretation by a reg-
ulated trafficking step during ligand-receptor transduction.
Genes Dev 2005, 19:2682-2694.

Murayama T, Mukaida N, Sadanari H, Yamaguchi N, Khabar KS, Tan-
aka J, Matsushima K, Mori S, Eizuru Y: The immediate early gene
I product of human cytomegalovirus is sufficient for up-reg-
ulation of interleukin-8 gene expression. Biochem Biophys Res
Commun 2000, 279:298-304.

Benedict CA, Angulo A, Patterson G, Ha S, Huang H, Messerle M, CF
W, Ghazal P: Neutrality of the canonical NF-kappaB-depend-
ent pathway for human and murine cytomegalovirus tran-
scription and replication in vitro. | Virol 2004, 78:741-750.
Wessells NK: Tissue Interactions and Development. Menlo
Park, CA, Benjamin/Cummings; 1977.

Lagenaur LA, Manning WC, Vieira J, Martens CL, Mocarski ES: Struc-
ture and function of the murine cytomegalovirus sggl gene:
a determinant of viral growth in salivary gland acinar cells. |
Virol 1994, 68:7717-7727.

Mocarski ES Jr, Courcelle CT: Cytomegaloviruses and their rep-
lication. In Fields Virology Volume 2 Fourth Edition Edited by: Knipe
DM, Howley PM, Griffin DE, Lamb RA, Martin MA, Roizman B and
Straus SE.  Philadelphia, Lippincott Williams &  Wilkins;
2001:2629-2673.

Dittmer D, Mocarski ES: Human cytomegalovirus infection
inhibits G1/S transition. | Virol 1997, 71:1629-1634.

Jault FM, Jault JM, Ruchti F, Fortunato EA, Clark C, Corbeil J, Richman
DD, Spector DH: Cytomegalovirus infection induces high lev-
els of cyclins, phosphorylated Rb, and p53, leading to cell
cycle arrest. | Virol 1995, 69:6697-6704.

Balazsi G, Oltvai ZN: Sensing your surroundings: How tran-
scription-regulatory networks of the cell discern environ-
mental signals. Sci STKE 2005, 2005:pe20.

DeMeritt IB, Milford LE, Yurochko AD: Activation of the NF-kap-
paB pathway in human cytomegalovirus-infected cells is nec-
essary for efficient transactivation of the major immediate-
early promoter. | Virol 2004, 78:4498-4507.

DeMeritt IB, Podduturi )P, Tilley AM, Nogalski MT, Yurochko AD:
Prolonged activation of NF-kappaB by human cytomegalovi-
rus promotes efficient viral replication and late gene expres-
sion. Virology 2006, 346:15-31.

Yurochko AD, Hwang ES, Rasmussen L, Keay S, Pereira L, Huang ES:
The human cytomegalovirus UL55 (gB) and UL75 (gH) glyc-
oprotein ligands initiate the rapid activation of Spl and NF-
kappaB during infection. | Virol 1997, 71:5051-5059.

Yurochko AD, Kowalik TF, Huong SM, Huang ES: Human cytome-
galovirus upregulates NF-kappa B activity by transactivating
the NF-kappa B pl05/p50 and p65 promoters. | Virol 1995,
69:5391-5400.

He B, Weber GF: Synergistic activation of the CMV promoter
by NF-kappaB P50 and PKG. Biochem Biophys Res Commun 2004,
321:13-20.

Akira S: IL-6-regulated transcription factors. Int | Biochem Cell
Biol 1997, 29:1401-1418.

Heinrich PC, Behrmann |, Muller-Newman G, Schaper F, Graeve L:
Interleukin-6-type cytokine signalling through the gp130/Jak/
STAT pathway. Biochem | 1998, 334:297-314.

Hirano T: Interleukin-6. In The Cytokine Handbook ed 3 Edited by:
A T. New York, Academic Press; 1998:197-228.

Sriuranpong V, Park JI, Amornphimoltham P, Patel V, Nelkin BD, Gut-
kind JS: Epidermal growth factor receptor-independent con-
stitutive activation of STAT3 in head and neck squamous cell

Page 22 of 23

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12477866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12477866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14644605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14644605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14644605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16160147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16160147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16160147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16282491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16282491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16282491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16405657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16405657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11275690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11275690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11275690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9651522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9651522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9651522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11389866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11389866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11389866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16399075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16399075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16399075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15221958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15221958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15221958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16293724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16293724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16293724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9686761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9686761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9686761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11867761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11867761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11867761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15507640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15507640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15507640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11716784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11716784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11716784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11241200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11241200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11241200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12761849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12761849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12761849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15042696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15042696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15042696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15063181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15063181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15063181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15972105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15972105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15972105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16179466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16179466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11992002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6270357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6270357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6270357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16260495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16260495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11112456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11112456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11112456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14694106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14694106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14694106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7966561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7966561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7966561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8995690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8995690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7474079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7474079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7474079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15870424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15870424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15870424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15078930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15078930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15078930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16303162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16303162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16303162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9188570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9188570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9188570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7636984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7636984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7636984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15358208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15358208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9570135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12782602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12782602

BMC Developmental Biology 2006, 6:42

72.
73.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l.

carcinoma is mediated by the autocrine/paracrine stimula-
tion of the interleukin 6/gp130 cytokine system. Cancer Res
2003, 63:2948-2956.

Funk CD: Prostaglandins and Leukotrienes: Advances in
Eicosanoid Biology. Science 2001, 294:1871-1875.

Baneyx G, Baugh L, Vogel V: Fibronectin extension and unfold-
ing within cell matrix fibrils controlled by cytoskeletal ten-
sion. Proc Natl Acad Sci U S A 2002, 99:5139-5143.

Felsenfeld DP: Regulation of complexes by cytoskeletal ele-
ments: Integrins serve as force transducers linking mechani-
cal stimuli and biochemical signals. Sci STKE 2005, 2005:tr27.
Giancotti FG, Ruoslahti E: Integrin Signaling. Science 1999,
285:1028-1032.

Lee B-H, Ruoslahti E: alphaSbetal Integrin stimulates Bcl-2
expression and cell survival through Akt, focal adhesion
kinase, and Ca2+/ calmodulin-dependent protein kinase IV. |
Cell Biochem 2005, 95:1214-1223.

Pai R, Soreghan B, Szabo IL, Pavelka M, Baatar D, Tarnawski AS: Pros-
taglandin E2 transactivates EGF receptor: a novel mecha-
nism for promoting colon cancer growth and
gastrointestinal hypertrophy. Nat Med 2002, 8:289-293.
Brabletz T, Hlubek F, Spaderna S, Schmalhofer O, Hiendimeyer E, Jung
A, Kirchner T: Invasion and metastasis in colorectal cancer:
epithelial-mesenchymal transition, mesenchymal-epithelial
transition, stem cells and beta-catenin. Cells Tissues Organs
2005, 179(1-2):56-65.

Valcourt U, Kowanetz M, Niimi H, Heldin CH, Moustakas A: TGF-
beta and the Smad signaling pathway support transcrip-
tomic reprogramming during epithelial-mesenchymal cell
transition. Mol Biol Cell 2005, 16:1987-2002.

Geder L, Lausch R, O'Neill F, Rapp F: Oncogenic transformation
of human embryo lung cells by human cytomegalovirus. Sci-
ence 1976, 192:1134-1137.

Akintola-Ogunremi O, Luo Q, He TC, Wang HL: Is cytomegalovi-
rus associated with human colorectal tumorigenesis? Am |
Clin Pathol 2005, 123:244-249.

Harkins L, Volk AL, Samanta M, Mikolaenko I, Britt W], Bland KI,
Cobbs CS: Specific localisation of human cytomegalovirus
nucleic acids and proteins in human colorectal cancer. Lancet
2002, 360:1557-1563.

Knosel T, Schewe C, Dietel M, Petersen |: Cytomegalovirus is not
associated with progression and metastasis of colorectal
cancer. Cancer Lett 2004, 211:243-247.

Lau SK, Chen YY, Chen WG, Diamond D), Mamelak AN, Zaia JA,
Weiss LM: Lack of association of cytomegalovirus with human
brain tumors. Mod Pathol 2005, 18:838-843.

Richardson AK, Cox B, McCredie MRE, Dite GS, Chang J-H, Gertig
DM, Southey MC, Giles GG, Hopper ]JL: Cytomegalovirus,
Epstein-Barr virus and risk of breast cancer before age 40
years: a case-control study. Br | Cancer 2004, 90:2149-2152.
Saederup N, Lin YC, Dairaghi DJ, Schall T}, Mocarski ES: Cytomeg-
alovirus-encoded beta chemokine promotes monocyte-asso-
ciated viremia in the host. Proc Natl Acad Sci U § A 1999,
96:10881-10886.

Manning WC, Stoddart CA, Lagenaur LA, Abenes GB, Mocarski ES:
Cytomegalovirus determinant of replication in salivary
glands. | Virol 1992, 66:3794-3802.

Mayer A, Podlech |, Kurz S, Steffens HP, Maiberger S, Thalmeier K,
Angele P, Dreher L, Reddehase M|: Bone marrow failure by
cytomegalovirus is associated with an in vivo deficiency in
the expression of essential stromal hemopoietin genes. | Virol
1997, 71:4589-4598.

Chahoud I, Stahlmann R, Bochert G, Dillmann |, Neubert D: Gross-
structural defects in rats after acyclovir application on day 10
of gestation. Arch Toxicol 1988, 62:8-14.

Klug S, Lewandowski C, Blankenburg G, Merker HJ, Neubert D:
Effect of acyclovir on mammalian embryonic development
in culture. Arch Toxicol 1985, 58:89-96.

Stahlmann R, Klug S, Lewandowski C, Bochert G, Chahoud I, Rahm
U, Merker H), Neubert D: Prenatal toxicity of acyclovir in rats.
Arch Toxicol 1988, 61:468-479.

http://www.biomedcentral.com/1471-213X/6/42

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 23 of 23

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12782602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12782602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11729303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11729303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15962308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15962308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15962308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11875501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11875501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11875501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15942193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15942193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15942193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=179143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=179143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15842049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15842049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12443594
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12443594
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15219948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15219948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15219948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15578071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15578071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10485920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10485920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10485920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1316482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1316482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1316482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3190462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3190462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3190462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3879167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3879167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3879167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3190444
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Histopathology
	Dose response and time course
	Cell proliferation
	Cell characterization
	Transcription changes
	mCMV replication and pathology
	NFkB and mCMV-induced pathogenesis

	Discussion
	Conclusion
	Methods
	Embryonic SMG culture system and mCMV infection
	mCMV analysis
	Cell proliferation assay
	Antibodies and immunostaining
	CMV replication and pathology
	SN50 inhibition of canonical NFkB nuclear translocation
	RT-PCR

	Authors' contributions
	Acknowledgements
	References

