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Abstract Gap junctions and gap junction communication
have long been recognized to play roles in tissue organi-
zation and remodeling through both cell autonomous and
intercellular means. We hypothesized that these processes
become dysregulated during pancreas cancer progression.
Molecular and histological characterization of the gap
junction protein, connexin43, during progression of pan-
creatic ductal adenocarcinoma could yield insight into how
these events may contribute to or be modulated during
carcinogenesis. In a mouse model of pancreatic ductal
adenocarcinoma generated through targeted endogenous
expression of Kras®'?P in the murine pancreas, we exam-
ined the evolving expression and localization of connex-
in43. Overall, connexin43 expression increased over time,
and its localization became more widespread. At early
stages, connexin43 is found almost exclusively in associ-
ation with the basolateral membrane of duct cells found in
invasive lesions. Connexin43 became increasingly associ-
ated with the surrounding stroma over time. Connexin43
phosphorylation was also altered during tumorigenesis, as
assessed by migrational changes of the protein in immu-
noblots. These data suggest a potential role for gap junc-
tions and connexin43 in mediating interactions between
and amongst the stromal and epithelial cells in pancreatic
ductal adenocarcinoma.
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Alterations in gap junction biology have long been recog-
nized to contribute to tumor promotion and progression
(Cronier et al. 2009; Naus and Laird 2010). Gap junctions
are specialized membrane domains containing channels,
made up of connexins, that allow exchange of small mol-
ecules (<1,000 Da) including ions, metabolites, and second
messengers (e.g., Ca®" and IP;) between neighboring cells
(Loewenstein 1981; Saez et al. 2003; Willecke et al. 2002).
A wealth of correlative evidence in vivo and in cell lines
indicates that gap junctional intercellular communication
(GJC) and connexin expression can regulate proliferation
and play key tumor prevention roles (Cronier et al. 2009).
Loss of GJC is a common feature of transformed cells and
tissues (Cronier et al. 2009; Hossain et al. 1989; Naus and
Laird 2010). In fact, modulation or loss of connexin
expression and localization have been correlated with
degree of carcinogenesis in several human tissues includ-
ing breast, ovary and cervix (Hanna et al. 1999; King et al.
2000; Laird et al. 1999). Mice lacking Cx32 are 25 times
more susceptible to carcinogen-induced liver tumors
(Moennikes et al. 1999; Temme et al. 1997) and 3 times
more susceptible to radiation-induced liver tumors (King
and Lampe 2004). Tumor promoters, activated oncogenes
(e.g., src, ras, mos, v-raf), growth factors (e.g., EGF,
PDGF, FGF) and carcinogens all decrease GJC (Fitzgerald
and Yamasaki 1990; Jou et al. 1995; Kihara et al. 1990;
Trosko et al. 1990). For example, down-regulation of
metabolic coupling through gap junctions after treatment
with various tumor promoters, such as 12-O-tetra-
decanoylphorbol-13-acetate (TPA), has been observed in a
variety of cell systems. Viral infection or transfection of
viral encoded oncogenes, such as v-src and polyomavirus
middle T-antigen into GJC-competent cells results in
decreased GJC (Lau et al. 1996). Importantly, connexin
mutations do not appear to be common in human tumors
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(Yamasaki et al. 1999). Rather, two epigenetic events,
silencing of expression via gene methylation (King et al.
2002; Piechocki et al. 1999) and loss of connexin locali-
zation from cell-cell interfaces (Krutovskikh et al. 1994),
have been observed to correlate with carcinogenesis. Thus,
there is the potential to reverse these effects during
tumorigenesis. In fact, a chemopreventive role for GJC has
been established both in vitro and in vivo by observations
that connexin expression and GJC function are up-regu-
lated by several cancer preventive agents including various
retinoids and carotenoids (Hossain et al. 1989). Ectopic
expression of connexin43 (Cx43) in some tumor cells and
cell lines can restore growth control (Chen et al. 1995;
Cronier et al. 2009). Paradoxically some tumors, particu-
larly at later stages, can actually begin to overexpress
Cx43. For example, malignant gliomas, a tumor which, like
pancreatic ductal adenocarcinoma (PDA), is highly
aggressive, metastatic and resistant to treatment, shows
Cx43 upregulation (Cronier et al. 2009; Zhang et al. 1999).
Recently, several studies have raised questions as to whe-
ther connexins can play key roles in tumorigenesis inde-
pendent of gap junction formation (Naus and Laird 2010).

PDA, the most common cancer of the pancreas, is the
fourth leading cause of cancer-related death in the United
States (Siegel et al. 2012) with an annual incidence and
mortality of >40,000 people and a 5 year overall survival
rate of <3 % (Hruban 2007). The extremely high mortality
occurs primarily because symptoms do not present until
tumors are either locally unresectable or widely metastatic.
The highly metastatic nature of this cancer is apparent as
surgical resection with clean margins in patients diagnosed
at “early stages” still inevitably leads to recurrent or
metastatic disease (Allison et al. 1998; Yeo et al. 2002).
These tumors are also highly resistant to virtually all
chemical and radiotherapies (Hruban 2007).

Interestingly and frustratingly, effective treatments have
been difficult to achieve despite a fairly good understand-
ing of many of the mutational events present in PDA.
Pancreas cancer exhibits activating mutations in KRAS in
over 90 % of cases (Almoguera et al. 1988) leading to the
belief that this is an initiating event in PDA (Hingorani
et al. 2003). In addition, overexpression of ERBB2/HER?2, a
member of the family of epidermal growth factor receptors,
is a common early event in PDA progression (Hansel et al.
2003; Hingorani et al. 2005). Animal models of preinva-
sive and invasive PDA (Aguirre et al. 2003; Hingorani
et al. 2003, 2005) have been generated through the targeted
physiologic expression of oncogenic Kras®*?’ to the
mouse pancreas (hereafter termed K* mouse). These
models faithfully mimic the clinical syndrome, histopa-
thology and genetic progression of PDA found in humans.
Resected pancreata from these animals demonstrate the full
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spectrum of preinvasive lesions seen in patients, and the
lesions progress histologically over time culminating in
fully invasive and metastatic disease. During PDA pro-
gression, the cellular makeup of the pancreas changes
dramatically; there is a loss of acinar cells with a con-
comitant increase in glandular epithelial cells. In addition
there is a robust fibroinflammatory or desmoplastic reac-
tion in which the stromal components can outnumber the
tumor epithelial cells in both the K* model and human
cancer. The relevance of the K* mouse models to human
pancreas cancer has been validated by an independent
panel of human pancreas cancer pathologists assembled by
the NCI/MMHCC (Hruban et al. 20006).

Recently, there has been an increased appreciation for
the role of the tumor microenvironment in disease pro-
gression (Erkan et al. 2010). In particular, increasing
attention is being paid to the interaction of pancreatic
tumor epithelial cells with the surrounding stroma. Indeed,
paracrine interaction between these cell compartments has
been observed (Bailey et al. 2008; Brentnall et al. 2012;
Tian et al. 2009; Yauch et al. 2008). Cx43 expression in the
normal pancreas is quite low and other connexins are
responsible for GJC in this tissue. The endocrine cells of
the islet express Cx36 (Serre-Beinier et al. 2000), while the
exocrine acinar cells are coupled by Cx26 and Cx32 (Meda
et al. 1993). The acinar and islet cells make up the mass
majority of a normal pancreas. Cx43 is found at low levels
in association with endothelial cells or the epithelial duct
cells and associated fibroblasts, which only sparsely pop-
ulate the normal pancreas (Theis et al. 2004). However, as
discussed above, these are the cells that expand during
PDA. Interestingly, a paracrine-like role for Cx43 in
fibroblast activation has recently been suggested, where
mast cells could activate fibroblasts via GJC (Pistorio and
Ehrlich 2011). It is intriguing to consider that gap junctions
and Cx43 could be involved in epithelial: stromal inter-
actions during PDA progression. Here, we present pre-
liminary data indicating that overall Cx43 expression
increases and that its localization increasingly shifts to the
stromal compartment during cancer progression. This
model could help us determine whether increased Cx43
expression during progression is playing a tumor suppres-
sive role and/or a stromal-tumor communication role.

Materials and Methods
Antibodies and Reagents
All general chemicals, unless otherwise noted, were pur-

chased from Fisher Scientific. The rabbit anti-Cx43 anti-
body (C6219) and anti-a-smooth muscle actin were
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purchased from Sigma (St. Louis, MO). The mouse anti-
body NT1 was raised against amino acids 1-20 of Cx43 at
the Fred Hutchinson Cancer Research Center Hybridoma
Development Facility (Seattle, WA).

Mouse Strains and Tissue Processing

Mice expressing a single allele of Kras®'?" in the pancreas
were generated as described previously (Hingorani et al.
2003). Animals were euthanized at the appropriate time
points using an overdose of isofluorane followed by cer-
vical dislocation and necropsies were performed. Pancreata
were bisected laterally, one half was flash frozen and the
other was fixed in 10 % neutral buffered formalin, paraffin
embedded and processed for tissue sectioning.

Histology and Immunofluorescence

8 um sections were analyzed by hematoxylin and eosin
staining or immunofluorescence. For immunofluorescence
experiments, deparaffinized sections underwent antigen
retrieval in a solution of Tris/EDTA pH9.0, were blocked
with 10 % normal goat serum (Sigma) and 1 % IgG-free
BSA (Jackson Labs, Westgrove, PA). Slides were incu-
bated with primary antibody overnight. Samples were then
incubated with anti-rabbit secondary antibodies conjugated
to AlexaFluor 635 or anti-mouse IgG2a conjugated to Al-
exaFluor 546 (Invitrogen, Carlsbad, CA), counterstained
with DAPI (4',6-diamidino-2-phenylindole) and mounted
in ProLong Antifade (Invitrogen). Slides were analyzed
using a Nikon Eclipse 80i bright field/fluorescence micro-
scope and images collected with a Nikon DS-U1 color
camera controlled with NIS Elements (Nikon, v3.1)
software.

Immunoblotting

Frozen tissue was weighed and lysed with 5 volumes of
lysis buffer [0.5 % deoxycholate, 0.5 % Triton X-100,
10 mM NaF, 1 mM NazVOy4 5 % [-mercaptoethanol,
1 mM PMSF and 1x complete protease inhibitors (Roche
Molecular Biochemicals, Alameda, CA) in TBS] and
sonicated. We have found that tissue lysates, especially
from tumor tissue, often contain large amounts of IgG that
can make it difficult to resolve and detect Cx43 phospho-
forms by SDS-PAGE. To minimize this effect tissue
lysates were incubated with protein G agarose to remove
IgG. Protein assays were performed on these clarified
lysates and 100 pg loaded per sample. However, because
the IgG content likely varied from animal to animal, it may
be difficult to make direct comparisons of Cx43 levels
across these samples. This depletion of IgG also allowed
the use of anti-mouse secondary antibodies on mouse

tissue. For the MDCK cell lysate control, cells were lysed
directly in sample buffer. After sonication, samples were
separated by sodium dodecylsulfate-10 % polyacrylamide
gel electrophoresis (SDS-PAGE). After immunoblotting,
protein was detected with rabbit and mouse primary anti-
bodies. Primary antibodies were sequentially visualized
with fluorescent dye-labeled secondary antibodies Alexa-
Fluor 680 goat anti-rabbit (Invitrogen) followed by IR-
Dye800-conjugated rabbit anti-mouse IgG; (Rockland
Immunochemicals, Gilbertsville, PA) using the LI-COR
Biosciences Odyssey infrared imaging system (Omaha,
NE) and associated software.

Results

Cx43 Expression and Localization Change During
Pancreatic Cancer Progression

Pancreata from wild-type (WT) mice are made up pre-
dominantly of acinar cells but ducts and vessels can be also
be visualized by the distinct organization of nuclei when
stained with DAPI. In Fig. 1, sections of pancreas from
WT and K* mice are shown labeled with DAPI and an
antibody to Cx43. In Fig. 1, a typical small duct in WT
pancreas can be seen with the characteristic punctate gap
junction signal for Cx43 on the basolateral side of the duct.
The remaining panels show staining from pancreata of K*
mice taken at 6, 12 and 16 months of age. Previous studies
have shown there is a progressive loss of acinar cells and
an increase in both number and grade of preinvasive
lesions as these mice age (Hingorani et al. 2003). This is
reflected in Fig. 1 by the organization of the DAPI labeled
nuclei, where the glandular structures become more
numerous and show increasing cellular and architectural
atypia over time. These data also show Cx43 expression
increasing during PDA progression. At 6 months,
increased Cx43 expression can be found tightly associated
with some, but not all, ducts on the basolateral membrane.
For example, in the 6 months panel the duct on the right
shows Cx43 puncta circumscribing the duct structure,
while the one on the left shows very little Cx43 labeling.
By 12 months Cx43 can be detected circumscribing many
ducts but the association between Cx43 and ductal struc-
tures appear looser and less organized (Fig. 1, 12 months).
This could reflect changes in the ducts as they become less
organized during cancer progression or a change in the cell
population expressing Cx43 as the stromal content evolves.
By 16 months, Cx43 expression is higher, is much less
organized and is found both in association with ducts
(Fig. 1, 16 months, lower right) and in the surrounding
stroma (Fig. 1, 16 months).
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Fig. 1 Cx43 localization changes during PDA progression. Paraffin
embedded sections of pancreas from normal (WT) and K* mice taken
at 6, 12 and 16 months were colabeled with a rabbit antibody to total

Cx43 Phosphorylation Changes During Pancreatic
Cancer Progression

Cx43 normally migrates as several distinct bands that
reflect the phosphorylation state of the protein; these are
often named PO, P1, P2, etc., with PO co-migrating with
Cx43 that has been dephosphorylated with phosphatases
(Musil et al. 1990). Immunoblots were probed with Cx43
antibodies to both the C and N-termini: Rb Cx43, a rabbit
polyclonal antibody made to the C terminus and NTI, a
mouse monoclonal antibody made to the N terminus. Use
of two reliable Cx43 antibodies that yielded overlaying
signal gave us confidence that the low signals we observed
were, in fact, Cx43.

Expression was very low in WT pancreas though both
Rb Cx43 and NT1 detected a faint doublet that may include
the PO form of Cx43 (Fig. 2, WT compared to cell lysate).
At 6 months, pancreata from duplicate K* animals show
Cx43 migrating as apparent P2, a phosphoisoform associ-
ated with functional junctions. At 12 and 16 months an
even slower migrating form of Cx43 appears and is

@ Springer

Cx43 (punctate signal) and DAPI (signal adjusted to appear dull
grey). Bar is 50 pm

maintained. This slow migrating form is also found in the
lysate from cells containing activated src, a condition
associated with gap junction closure. The samples from the
K* mice at 6-16 months shown in this immunoblot dem-
onstrate considerable variation in the levels of Cx43.
Because the K* mice need to develop subsequent muta-
tions for tumor progression to proceed and these events are
stochastic as demonstrated by their wide ranging lifespan,
we believe that this variation in Cx43 expression could be
related to the extent of cancer progression. We speculate
that these changes in Cx43 phosphorylation and migration
are associated with a functional change in gap junction
communication between or amongst cancer and stromal
cells.

Cx43 Expression Is Increasingly Heterogeneous
and Associated with Stromal Cells During PDA
Progression

As discussed above, PDA exhibits a distinct and robust
stromal response containing a heterogeneous mixture of
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Fig. 2 Cx43 phosphorylation changes during PDA progression.
Pancreatic tissue lysates from 1 normal (WT) mouse and 2 each K*
mice taken at 6, 12, and 16 months were analyzed by SDS-PAGE and
immunoblot. A lysate from MDCK cells expressing Cx43 and
activated src is included as a control (cell lysate). Blots were probed
with antibodies to the C terminus (Rb Cx43) and N terminus (NT1) of
Cx43. Protein marker molecular weights (from top): 64, 50, and
38 kDa

immune and connective cells and extracellular material
(Cubilla and Fitzgerald 1976; Hruban et al. 2001; Klimstra
and Longnecker 1994; Tian et al. 2009). To examine which
cells are making apparent gap junctions, we performed
Cx43 immunofluorescence and hematoxylin and eosin
staining on serial sections from pancreatic tissue harvested
at 6 and 16 months. At 6 months Cx43 is closely associ-
ated with ducts (Fig. 3a), as described above, but hema-
toxylin and eosin staining indicates gap junctions are also
closely associated with cells surrounding the precursor
lesions (Fig. 3c, arrowheads). In 16 month-old animals,
Cx43 expression is still found closely associated with some
ducts (Fig. 3b, arrowheads) but is also highly expressed in
the stroma, seemingly independent of the ducts. Figure 3e,
f shows colabeling of tissue with antibodies to Cx43 in
green and o-smooth muscle actin (SMA) in red. SMA is
used as a marker for blood vessels and activated fibroblasts
(Erkan et al. 2012), both of which could be expressing
Cx43. In Fig. 3e, SMA clearly defines a blood vessel
(arrow); we see little to no association with Cx43 with
vessels while we do clearly see Cx43 circumscribing the
adjacent duct. In Fig. 3f, SMA is likely marking activated
fibroblasts surrounding the duct (arrowhead). Here Cx43 is
found in stroma, seemingly independent of SMA staining.
Further labeling and histology is required to more fully

characterize these cells. One interesting question is whether
these apparent gap junctions are being utilized for homo-
cellular communication in the stroma or whether they are
used for heterocellular communication, thus allowing
interaction between the potential tumor cells and their
surrounding environment.

Another question that arises is whether these Cx43
expressing stromal cells are the same cell type found
adjacent to ductal cells in younger animals but that have
proliferated and migrated or whether this represents a
separate communication compartment active during this
later stage of tumorigenesis. It is also possible that these
cells are not engaged in gap junction communication; the
immunoblot data indicates that much of Cx43 at this time
point is a slow migrating isoform, which can be associated
with closed channels. Further experiments are underway to
examine these events.

Discussion

Progression of PDA results in a dramatic change in the
cellular makeup of the pancreas. There is a loss of acinar
cells with a concomitant increase in glandular epithelial
cells and infiltration of connective and immune compo-
nents, or stroma, which is a distinct feature of PDA. We
show here that this shift is accompanied by an increase in
expression of Cx43. Initially this increase in Cx43
expression is associated with ductal structures. Changes in
the ducts have been well characterized through elaboration
of histological (Cubilla and Fitzgerald 1976; Hruban et al.
2001; Klimstra and Longnecker 1994) and genetic mouse
models (Hingorani et al. 2003). These models provide
evidence that pancreas cancer evolves from definable pre-
cursor lesions (Hruban et al. 2000). These preinvasive
lesions, collectively termed pancreatic intraepithelial neo-
plasias, or PanINs, were codified by an assembled working
group of pathologists (Kern et al. 2001) into a system of
classification originally proposed by Klimstra and Long-
necker (1994). In this scheme, the lesions are divided into
three discrete stages (PanIN-1, -2, and -3) characterized by
increasing degrees of cellular and architectural atypia. It
may be that the changes we see in Cx43 expression over
time are associated with specific lesions or stages of PDA;
to examine this idea a rigorous histological analysis of
Cx43 localization is presently underway. Previous studies
have indicated that Cx26 is overexpressed in human pan-
creatic cancer (Garcia-Rodriguez et al. 2011; Kyo et al.
2008). It will be interesting to confirm that this occurs in
the mouse model and to compare the Cx26 expression
profile to what we see with Cx43.

It is notable that PanIN lesions overexpress ERBB2/
HER?2, a member of the family of epidermal growth factor
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Fig. 3 Gap junctions become increasingly associated with the stroma
during PDA progression. Serial paraffin-embedded sections from
pancreas taken from K* mice at 6 months (a, ¢) and 16 months (b,
d) were labeled with antibody to Cx43 (green) and DAPI (blue) (a,
b) or hematoxylin and eosin (¢, d). Arrowheads point to specific areas

receptors and exhibit increased levels of phosphorylated
extracellular signal-related kinase (ERK) (Hingorani et al.
2005). We know that gap junction communication and
connexin localization can be modulated via activation of
ERK through growth factor stimulation (Kanemitsu and
Lau 1993). We also know that a slow migrating isoform of
Cx43, similar to that seen in the K* animals at 16 months,
is associated with ERK activation. Given the localization
of Cx43 at the apparent interface between PanINs and the
stroma (Figs. 1 and 3) it is plausible that gap junctions may
be regulated or even play a regulatory role in ERK
activation.

At the later time points Cx43 expression increases both
around the PanINs, where it seems to be expressed through
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of Cx43 expression discussed in Results. e, f Pancreas tissue from a
16 month mouse was stained with antibodies to Cx43 (green) or SMA
(red) (DAPI is in blue). The arrow in e points to a blood vessel and
the arrowhead in f to a duct. Bars = 50 um

multiple cell layers circumscribing these lesions and is also
found increasingly in the stroma, seemingly independent of
PanINs. This shift in expression also parallels the pro-
gression of PanINs to carcinoma and invasive stages sug-
gesting that gap junctions may play a role in invasion and
metastasis. It is possible that these patterns correspond to
an epithelial cell-associated communication compartment
that is permissive to invasion possibly through Cx43
mediated interaction with stromal cells. The lack of
localization with SMA could support this. However, it is
also possible that the stromal and PanIN-associated Cx43
expression represent two distinct and independent com-
munication compartments. Several markers used to dis-
tinguish different cell types in PDA including those for
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epithelial cells (cytokeratin 19), immune cells (CD45), and
pancreatic stellate cells (smooth muscle actin and glial
fibrillary acidic protein) (Erkan et al. 2012) will be useful
to distinguish between these possibilities.

PDA, like other cancers, requires cells to alter not only
cell autonomous features but also interactions with neigh-
boring cells and tissue components—functions that con-
nexins fulfill (Laird 2006). If Cx43 is indeed acting to
regulate invasion and metastasis through interactions
between epithelial tumor cells and the stroma, modulating
these interactions could represent a viable therapeutic
strategy.
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