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Abstract

Pancreatic ductal adenocarcinoma (PDA) is aggressive, highly metastatic and characterized by a 

robust desmoplasia. Connexin proteins that form gap junctions have been implicated in tumor 

suppression for over 30 years. Cx43, the most widely expressed connexin, regulates cell behaviors, 

including migration and proliferation. Thus, we hypothesized that Cx43 could regulate PDA 

progression. Phosphorylation of Cx43 by Casein Kinase 1 (CK1) regulates gap junction assembly. 

We interbred the well-established KrasLSL-G12D/+;p48Cre/+ (KC) mouse model of PDA with 

homozygous “knock-in” mutant Cx43 mice bearing amino acid substitution at CK1 sites 

(Cx43CK1A) and found profound and surprising effects on cancer progression. Crossing the 

Cx43CK1A mouse onto the KC background (termed KC;CxCK1A) led to significant extension of 
lifespan, from a median of 370 to 486 days (p=0.03) and a decreased incidence of metastasis 

(p=0.045). However, when we examined early stages of disease, we found more rapid onset of 

tissue remodeling in the KC;CxCK1A mouse followed by divergence to a cystic phenotype. During 

tumorigenesis, gap junctions are increasingly present in stromal cells of the KC mice but are 

absent from the KC;Cx43CK1A mice. Tail vein metastasis assays with cells derived from KC or 

KC;CxCK1A tumors showed that KC;CxCK1A cells could efficiently colonize the lung and 

downregulate Cx43 expression, arguing that inhibition of metastasis was not occurring at the distal 

site. Instead, stromal gap junctions, their associated signaling events or other unknown Cx43-

dependent events facilitate metastatic capacity in the primary tumor.
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INTRODUCTION

Pancreas cancer or pancreatic ductal adenocarcinoma (PDA) is the third leading cause of 

cancer-related death in the United States with an annual mortality of ~47,000 people and 5-

year overall survival rate of just 9% [1]. The extremely high mortality occurs primarily 

because symptoms do not present until tumors are locally unresectable and/or already 

metastatic. Even when surgical resection with clean margins in patients diagnosed at “early 

stages” is possible, almost inevitably lethal recurrence and metastatic disease result.

The interrelationship of gap junction biology and the regulation of tumor promotion, tumor 

progression and metastasis is well established and longstanding [2]. Gap junction plaques 

are specialized membrane domains made up of the connexin family of channel proteins, that 

allow intercellular exchange of small molecules (<1000 Da) including ions, metabolites, and 

second messengers (e.g., Ca2+ and IP3) [3-5]. Studies on Cx43, the most widely expressed 

connexin (>34 tissues and 46 cell types [6]), clearly show that gap junction biology is highly 

regulated via Cx43 phosphorylation. Cx43 phosphorylation can modulate protein trafficking, 

stability of the junctional complex, gap junctional communication and interactions with 

other proteins [7-10]. In addition, gap junctions play an established role in wound healing 

and epithelial migration that involve dynamic changes in Cx43 localization and 

phosphorylation (e.g., [11]). Cx43 can affect cell behavior through at least 3 mechanisms: 

intercellular communication through channels, a cytoplasmic scaffold function provided by 

the gap junction plaque and as a conduit to the extracellular milieu via hemichannel opening. 

In the exocrine pancreas, acinar cells express primarily Cx26 and Cx32, ductal cells express 

Cx43 and Cx45 and pancreatic stellate cells express Cx43 [12, 13]. In pancreas tumor cells, 

Cx26 is retained while Cx32 and Cx43 decrease [14, 15] but Cx43 expression in stromal 

cells increases during cancer progression [16].

The mutational profile and histological progression of PDA are well defined; activating 

mutations in KRAS are found in over 90% of cases and are considered a driver of this cancer 

[17]. A robust desmoplasia is a critical feature of PDA and dynamic interactions between 

multiple cell types contribute to a complex tumor microenvironment and an inability to 

effectively treat these tumors [17]. Animal models of preinvasive and invasive PDA [17] 

have been generated through the targeted physiologic expression of oncogenic KrasG12D to 

the mouse pancreas (hereafter termed KC mouse). These models faithfully mimic the 

histology and genetics of human PDA.

Given the increase in Cx43 expression during PDA progression, we sought to test the effect 

of Cx43 phosphorylation on PDA progression. We hypothesized that a reduction in the 

efficiency of gap junction assembly would accelerate PDA progression. Thus, we interbred 

homozygous “knock-in” mutant Cx43 mice bearing amino acid substitutions at the 3 serines 

in the C-terminal tail region [18-20] phosphorylated by CK1 (Cx43CK1A) into the KC mouse 

model of PDA. The Cx43 CK1A mouse shows less efficient gap junction assembly [8, 20, 21] 

and increased ERK1/2 activation in several tissues [21], features typically associated with 

tumorigenesis [22, 23]. Surprisingly, crossing the Cx43CK1A mouse onto the KC background 

(termed KC;CxCK1A) significantly prolonged life, decreased metastatic burden and shifted 

tumors to a cystic phenotype. However, the earliest stages of disease showed more rapid 
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progression to a preinvasive phenotype compared to the KC mouse. Thus, using an 

autochthonous in vivo model, we clearly show differential roles for Cx43 during tumor 

progression.

RESULTS

Mutation of Cx43 extends lifespan during PDA

Survival studies were performed to determine whether alteration of Cx43 phosphorylation 

could affect lifespan during PDA. Cx43CK1A and KC mice were interbred generating 

KC;CxCK1A animals at the expected ratios. A cohort of KC and KC;CxCK1A mice were 

maintained until requiring euthanasia due to poor health per established criteria (Materials 

and Methods). We saw that the Cx43 mutation extended survival by 30% (median survival 

KC: 370 days vs KC;CxCK1A: 486 days, p=0.03 by log rank). The survival curves revealed 

that both KC and KC;CxCK1A genotypes showed similar survival in the first quartile; the 

curves begin to separate at ~310 days as KC mice rapidly succumb to disease (Fig. 1A). 

Histopathological analysis upon death showed that all animals had primary pancreatic 

cancer. In the absence of activated Kras there was no statistical difference in survival 

between WT and Cx43CK1A mice with mortality beginning at ~530 days (Fig. 1A, dotted 

line). At this time 90% of KC mice have succumbed while 50% of KC;CxCK1A mice are still 

alive, emphasizing the protection from PDA conferred by the KC;CxCK1A cross.

KC;CxCK1A mice have diminished metastatic disease burden

KC mice had a higher prevalence of macroscopic metastases than KC;CxCK1A mice (12/19 

vs. 9/24, Fig. 1B). We saw a similar tropism for metastases in both genotypes with most 

occurring in the liver and occasionally the lung (Supplemental Fig. 1). The number of 

metastases in the KC mice, in particular, may be undercounted as 4 KC and 1 KC;CxCK1A 

mice were found dead, precluding tissue analyses. Histological analysis showed that nearly 

half of the KC;CxCK1A metastases were not from PDA, instead, 2 were identified as primary 

sarcomas and 2 as hematopoietic neoplasms. Only 2 metastases in KC mice were not of 

PDA origin, identified, instead, as an osteosarcoma and a hematopoietic neoplasm (“other” 

in Fig. 1B, Supplemental Fig. 1). The majority of PDA metastases showed a glandular 

phenotype regardless of genotype. Thus, KC;CxCK1A mice had a lower incidence of 

metastatic PDA (p<0.05 by Fisher’s exact test comparing histologically confirmed PDA 

metastases), consistent with the extended lifespan of this genotype.

Next, we examined Cx43 expression in metastases to determine a potential role for gap 

junctions in this process. We saw very little Cx43 expression in liver metastases from either 

genotype with 5 of 7 KC mice showing no Cx43 (Fig. 1F) and the other 2 showing only 

sporadic, limited positive staining in 2 very large metastases and none in small metastases 

(Fig. 1C-E). We also stained 2 lung metastases from KC mice, which were negative for 

Cx43 (Supplemental Fig. 1A-C). 4 of 5 KC;CxCK1A metastases showed no Cx43 staining, 

although one had extensive staining. This lack of Cx43 expression at the metastatic site 

indicated that Cx43 was not playing a necessary role in either initiation or growth of 

metastases.
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Cx43 phosphorylation regulates tumor progression at early stages

To quantify rates of disease progression, mice were randomized to 6, 12 and 16-month 

timepoints and analyzed by necropsy and histology (n=10/genotype/timepoint). We 

developed a histological classifier to identify acinar cells in hematoxylin and eosin (H&E) 

stained tissues (Supplemental Fig. 2) and found (Fig. 2A) an almost complete loss of the 

normal acinar parenchyma in KC;CxCK1A pancreata (5.08±1.42% remaining) while KC 

mice maintained over 20% of the normal parenchyma (22.5±4.5%,p=0.007). Conversely, 

staining with Alcian Blue, which stains mucin found in pancreatic intraepithelial neoplasias 

(PanINs), was increased in KC;CxCK1A mice (5.4± 1.8%KC;CxCK1A vs 2.5±0.9% KC, 

p=0.05; Fig. 2A). To determine whether this was due to faster progression or earlier onset, 

we performed H&E staining on pancreata from 3-month-old KC;CxCK1A and C;CxCK1A 

animals and saw predominantly acinar cell staining arguing against earlier onset of 

dedifferentiation (Supplemental Fig. 3). This difference did not seem to involve increased 

proliferation as staining with Ki67 showed no statistical difference in KC vs KC;CxCK1A 

pancreata across tissue compartments (i.e., acinar, stromal or PanIN) (Supplemental Fig. 3). 

Thus, Cx43 phosphorylation plays a regulatory role in modulating cell fate through 

acceleration, but not onset, of acinar-to-ductal metaplasia (ADM).

Cx43 regulates signaling pathways involved in PDA progression

Further evidence for altered cell fate was suggested by a dramatic change in the phenotype 

of the pancreata in 16-month mice. KC pancreata at this age contained large, dense nodules 

typical of PDA [24] while most of the KC;CxCK1A mice had large, often multi-

compartmental cysts (Fig. 2B, 8/10 KC;CxCK1A vs. 2/10 KC animals, p=0.023, Fisher’s 

exact test). Cystic phenotypes, known to occur in both mouse and human PDA [25], can be 

distinguished as intraductal papillary mucinous neoplasms (IPMN) or mucinous cystic 

neoplasms (MCN). MCNs are histologically defined as having an “ovarian stroma” in which 

fibroblasts stain positive for estrogen and progesterone receptor surrounding the cyst. 

KC;CxCK1A cysts showed an ovarian stroma and progesterone receptor staining in some 

areas, consistent with a MCN diagnosis, though it was not always closely associated with the 

cyst (Fig. 2C).

Cx43 phosphorylation regulates metastasis at the primary tumor site

The Cx43CK1 mice express mutant Cx43 constitutively (i.e., throughout the mouse) while 

KrasG12D expression is limited primarily to the pancreas; thus Cx43 expression could be 

influencing the ability of the tumor cell to escape the primary tumor through tumor cell-

autonomous mechanisms, via heterologous interactions with other cells and/or through 

effects altering the metastatic niche rendering it inhospitable to tumor seeding/growth. To 

better understand the Cx43:metastasis relationship, we generated primary tumor cell lines 

from both KC and KC;CxCK1A pancreas tumors and performed tail vein metastasis assays 

using a “seed” vs “soil” experimental design. The KC and KC;CxCK1A primary tumor cells 

acted as “seed” and were injected into the tail vein of either immune deficient (NOD/SCID) 

mice or immunocompetent mice expressing WT or CK1A mutant Cx43; we then assessed 

their ability to colonize and grow in the lungs of these animals, which behaved as the “soil” 

(Fig. 3). Note that immune competent recipient mice expressed KrasG12D but not p48Cre so 
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activated Kras was not present to confound the results. Mice were injected with 5x105 cells. 

Immune competent animals were sacrificed after 2 weeks to analyze lungs by histology. 

NOD/SCID mice began showing signs of distress and were sacrificed at 10 days. We 

performed H&E staining on lungs and developed a tissue classifier to distinguish tumor cells 

from normal lung. The ability to colonize lungs seemed to reside entirely with the “seed”, as 

KC;CxCK1A tumor cells comprised more than 60% of lung tissue area in recipients 

(regardless of genotype) while KC tumor cells comprised only about 40% of area in all 

recipients (Fig. 3A and Supplemental Fig. 4). Thus, the CK1A site mutations did not 

diminish the capacity of the lungs to be colonized. Instead KC;CxCK1A cells appeared to 

have a colonization advantage.

We examined Cx43 expression in the lungs and found that, in immunocompetent mice, KC 

donor cells expressed higher levels of Cx43 than KC;CxCK1A donor cells (Fig. 3B). This is 

consistent with KC;CxCK1A cells having less stable gap junctions [19, 21] as the tumor 

microenvironment is typically destabilizing for epithelial gap junctions [2, 26]. Staining the 

lung tumor tissue with PCNA showed no obvious proliferative advantage for KC;CxCK1A 

cells (KC:KC 26.8±6.4%, KC;CxCK1A:KC 24.3±1.7%, KC;CxCK1A:nude 28.3±4.1% nuclei 

positive for PCNA; Supplementary Fig. 5). These data, combined with the lack of 

proliferative changes at 6 months (Supplementary Fig. 3), indicate that changes in 

proliferation are not a dominant effect of Cx43 during pancreatic tumorigenesis.

Analysis of Cx43 expression in nude mice led to the surprising finding that the immune 

system might be playing a role in regulating Cx43 expression; we found that in nude mice 

neither KC nor KC;CxCK1A cells expressed Cx43 in the lung even though the cell lines 

injected were positive for Cx43 in vitro. We examined primary cell lines isolated from 

tumors from 2 different mice of each genotype (4 in total) (KC cell line 1 derived from 

mouse #4522; KC cell line 2 from mouse #1908; KC;CxCK1A cell culture 1 from mouse 

#1128 and KC;CxCK1A cell culture 2 from mouse #3450; Cell culture 1 was used for tail 

vein injections) and saw Cx43 expression by both immunofluorescence (Fig. 4A) and 

immunoblot (Fig. 4B). While Cx43 levels trended higher in KC;CxCK1A cells this did not 

reach significance (KC;CxCK1A cell line 1=0.71 ±0.48, KC;CxCK1A cell line 2=0.68±0.37 vs 

KC cell line 1=1.30±0.38, KC cell line 2 =1.08±0.15 a.u., p=0.09). Thus, the immune 

system was able to support Cx43 expression in KC cells but not in KC;CxCK1A cells.

KC;CxCK1A mutation promotes an epithelial phenotype

We also observed a phenotypic difference where the injected KC;CxCK1A cells appeared to 

be more differentiated (Fig. 3 and Supplemental Fig. 3). One possibility is that the glandular 

phenotype of the KC;CxCK1A cells reflected a more differentiated or epithelial cell state. To 

address this possibility, we analyzed 2 primary tumor cell lines of each genotype by 

immunoblot. Indeed, we found that both KC;CxCK1A tumor cell lines expressed over 5 times 

as much E-Cadherin as the 2 KC tumor cell lines (Fig. 4B, KC;CxCK1A cell line 1=0.91 

±0.10, KC;CxCK1A cell line 2=0.67±0.18 vs KC cell line 1=0.13±0.05, KC cell line 2 

=0.04±0.01 a.u. p=0.03). Thus, KC cells appear to have a more EMT phenotype, which is 

consistent with more metastatic potential.
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Signaling through ERK1/2 and Akt have been shown to be activated in PDA [27, 28], and 

the CK1A mutation can increase phospho-ERK1/ levels [21]. However, Cx43 mutation did 

not appear to consistently alter the levels or phosphorylation status of these signaling 

molecules in these primary tumor cells (Supplementary Fig. 6). We recently showed that 

CK1A mutation more than doubled NDRG1 expression in heart tissue and cell lines while 

the CK1E mutant, mimicking phosphorylation, diminished expression [21]. NDRG1 has 

been shown to be a metastasis suppressor in pancreatic and other cancers [29, 30]. Indeed, 

immunoblotting for NDRG1 in the primary tumor cell lines recapitulated this effect showing 

NDRG1 levels nearly 5 times higher in KC;CxCK1A animals compared to KC (Fig. 4B, 

p<0.003). Finally, we have previously shown that in non-transformed cells the CK1A 

mutation inhibits migration in a scratch wound assay [8]. Thus, increased E-Cadherin 

combined with elevated NDRG1 expression in the KC;CxCK1A primary tumor cells 

indicates that these cells are better able to maintain an epithelial identity than cells from KC 

mice and is consistent with a model where inhibition of metastasis in KC;CxCK1A mice is 

occurring at the site of the primary tumor.

Gap junction plaques are more common in KC compared to KC;CxCK1A mice

We previously reported that Cx43 expression increased during pancreas tumor progression 

[16]. We performed immunoblots on primary tumor lysates for both genotypes and did not 

see a consistent change in Cx43 or NDRG1 expression (Supplemental Fig.7A and B). 

However, the variability in expression was quite high across animals, and we know 

pancreatic tumor tissue is quite heterogenous. When we examined primary tumor tissue by 

IHC we continued to see high variability for NDRG1 staining (Supplemental Fig. 7C). Cx43 

staining showed regional variation, with some areas exhibiting many positive cells, while 

neighboring areas with similar histology were negative (Supplemental Fig. 8). However, we 

saw a distinct difference in Cx43 staining in KC vs KC;CxCK1A tissue where KC mice 

exhibited punctate Cx43 staining, consistent with assembly of gap junction plaques while 

staining in KC;CxCK1A tissue appeared more cytoplasmic (Fig. 5). To compare Cx43 

expression in KC vs KC;CxCK1A mice, 5 blinded, independent reviewers scored the extent 

of Cx43 expression as 0, 1 or 2 in “punctate” (typical for Cx43 present in gap junctions) or 

“cytoplasmic” categories. Fig. 5 shows that KC animals scored more highly for punctate 

staining (mean score for KC=1.69 vs. KC;CxCK1A=0.64, p=0.002) and, conversely, 

KC;CxCK1A animals scored higher for cytoplasmic staining (mean score for KC=1.05 vs. 

KC;CxCK1A=1.71, p<0.001, IHC controls and data for individual animals in Supplemental 

Fig. 9). As we reported previously in KC animals [16], Cx43 expression was highest in the 

stroma surrounding areas with advanced PanINs and carcinoma in situ; however, it was 

excluded from areas where the tumor cells were dense and dedifferentiated. Cx43 staining in 

KC;CxCK1A pancreata could also be found in the stroma but staining was less common. 

Somewhat surprisingly, we did not see staining in PanINs, in spite of the fact that primary 

tumor cells were Cx43 positive (Fig.4). We also performed IHC for Cx43 on pancreata from 

old C; CxCK1A and p48Cre expressing animals (i.e. without PDA) which contained 

predominantly acinar cells and did not observe any Cx43 staining, arguing that Cx43 

expressing cells resulted from tumorigenesis and not age (Supplemental Fig. 9).
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Cancer associated fibroblasts interact via gap junctions

Fig. 6B,D,F,H and I-L show IHC and immunofluorescence examples of Cx43 staining in 

pancreas tissue from moribund mice. Fig. 6A and E show vimentin staining. Fig. 6A,B and 

6C,D serial sections show cells closely associated with the basolateral boundaries of PanINs 

(arrowheads) while Fig. 6E,F and 6G,H show Cx43 expressing cells in the stroma. IHC 

staining of serial sections for vimentin indicate a mesenchymal origin for these cells (Fig. 

6A) while CK19 staining (a marker of PDA epithelia) did not show consistent localization of 

Cx43 in tumor epithelia (Fig. 6C,6G and Supplemental Fig. 10C,D,E). In addition, 

supplemental Fig. 10A and 10B serial sections stained with Masson’s Trichrome (collagen) 

show that Cx43 expression appears to localize to areas with high matrix deposition levels. 

Finally, staining with the immune cell marker CD45 and the endothelial marker CD31 did 

not coincide with Cx43 staining (Supplemental Fig. 10G-J). These data are consistent with 

Cx43 being predominantly expressed in fibroblasts. Activated fibroblasts are prominent in 

pancreas cancers [31] and “cancer associated fibroblasts” (CAF) are an active area of 

investigation [32]. In PDA, at least 2 categories of fibroblasts have been described, largely 

distinguished by expression of either smooth muscle actin (SMA+) or fibroblast activation 

protein-α (FAPα+) [33, 34]. We performed multiplex immunofluorescent staining of PDA 

tissue to determine whether Cx43 segregated to one of these fibroblast compartments. 

Staining with cytokeratin 19 (Fig. 6C,G CK19 in red), which marks tumor derived epithelial 

cells and SMA (green) showed that cells making gap junctions (Cx43 in white, arrowheads) 

were commonly positive for SMA and negative for CK19. SMA positivity was especially 

apparent when gap junctions were seen in very close association with epithelial cells that 

maintained a ductal structure (Fig 6C). As gap junction expression became more stromal, we 

began to see less consistent association with SMA. Multiplex staining with Cx43 (white), 

FAPα (red) and SMA (green) show that junctions could be found in a variety of stromal 

cells including those expressing only SMA (green arrowheads), only FAPα (red 

arrowheads), both (yellow arrowheads) or neither (white arrowheads) (Figure 6, panels I-L). 

Again, Cx43 was not expressed homogenously throughout the tissue but instead showed 

regional variations in intensity (Supplemental Fig. 8) indicating that gap junction stability is 

regulated or induced in response to local cues that create a potential stromal communication 

compartment or a Cx43-dependent signaling scaffold. The lack of punctate Cx43 staining in 

KC;CxCK1A tumors (Fig. 5) supports the hypothesis that gap junctions are contributing to a 

microenvironment that supports metastasis.

Discussion

In our study, the most dramatic effect of eliminating Cx43 phosphorylation by CK1 was the 

extended lifespan in the KC;CxCK1A mice. Metastatic burden is the ultimate cause of death 

for most solid tumors and, indeed, we saw decreased metastases in these animals. Metastasis 

is a complex process requiring dynamic rearrangement of tissue architecture both at the 

primary tumor and metastatic sites [35]. To determine where Cx43 phosphorylation might 

control the metastatic process, we performed tail vein metastasis assays to test the ability of 

tumor cells to extravasate and grow (“seed”) at the metastatic site (“soil”), in this case the 

lung. We found that the ability of cells to colonize and grow in the lung segregated entirely 

with the genotype of the “seed” ruling out a major impact of the “soil” in colonization (Fig. 
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3). This was further supported by the lack of Cx43 expression in metastases to both the liver 

and lung (Fig. 1). These data indicate inhibition of metastasis was occurring at the primary 

tumor site.

While both KC and KC;CxCK1A animals developed extensive primary PDA, Cx43 

expression and localization were distinct in each genotype. In KC animals, IHC with 

multiple markers indicate CAFs sporadically made gap junctions in areas that retained 

glandular architecture but not in advanced carcinomas. Dynamic regulation of fibroblasts is 

an area of increasing interest as a target for intervention in cancer [32, 36-38]. In PDA, at 

least 2 overlapping categories of CAFs are described, SMA+ which appear to be protective 

[39] and FAPα+ which promote tumorigenesis [34, 40] . Similarly, in established models of 

vascular remodeling and epidermal wounding, fibroblasts can undergo phenotype switching 

from a contractile or myofibroblast phenotype (SMA+) to a synthetic phenotype involved in 

matrix deposition and PDGF signaling [41, 42] similar to the FAPα+ phenotype [40]. There 

is also recent evidence for a CAF population in PDA that develops in response to IL-1β and 

promotes inflammation (iCAFs) [43]. Interestingly, Cx43 hemichannels have been shown to 

promote IL-1β secretion through activation of the NLRP3 inflammosome [44] and NLRP3 

appears to promote PDA [45]. A role for Cx43 in phenotype switching has been shown by 

several groups with Cx43 supporting the synthetic phenotype. In models of vascular injury, 

knockdown of Cx43 or inhibition of gap junction communication (GJC) shifted smooth 

muscle cells to a myofibroblast phenotype [41, 46]. A similar role for Cx43 in cultured 

human activated pancreatic stellate cells was also shown where inhibition of GJC shifted 

cells to the myofibroblast phenotype while quiescent rat pancreatic stellate cells required 

GJC to differentiate to the myofibroblast phenotype [12]. Thus, Cx43 could be playing a 

pro-tumorigenic role through effects on fibroblasts in PDA. In our in vivo system, however, 

we observed Cx43 in fibroblasts in various states indicating more complicated regulation.

In addition to the cellular complexity of PDA tumors, they are sites of incredibly high 

interstitial pressure as a result of the extracellular matrix secreted by CAFs [47]. Cx43 is 

mechanosensitive and often increased in response to mechanical load [48]; thus, biophysical 

cues could be driving local expression of Cx43. Another possibility is that cells making gap 

junctions could be recruiting or helping retain specific cell types that contribute to 

remodeling of the tumor microenvironment. A role for gap junctions in recruitment of 

alveolar macrophages via interaction with alveolar type 2 epithelial cells was shown in a 

Keap1-deficient KrasG12D model of lung cancer [49]. We observed that the KC;CxCK1A 

model lacked gap junctions in the tumor microenvironment, had less metastases and yielded 

primary tumor cells that maintained an epithelial phenotype, arguing that these cells evolved 

in a different tumor microenvironment. Whether this was mediated through gap junction 

channel and/or scaffold functions is difficult to address in vivo. However, our data argue that 

gap junctions in the stroma can regulate the tumor microenvironment and promote transition 

to a metastatic phenotype.

The time course studies showed that the KC;CxCK1A model accelerated the transition from 

normal parenchyma to the preinvasive phenotype consistent with our original hypothesis. 

Activated Kras appears to drive acinar cells through a dedifferentiation program that gives 

rise to PanINs and ultimately PDA, a distinct and necessary step in progression to PDA 
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referred to as acinar ductal metaplasia (ADM) PDA [50]. Though Cx43 expression was low 

in these early stages, it was recently shown that gap junctions play an important role in 

promoting early pancreatic development [51]. While KC;CxCK1A animals appeared to 

develop normal pancreata, even at 3 months, destabilization of gap junctions during 

development may have resulted in an underlying indolence that predisposed mature 

pancreatic cells to dedifferentiation thus explaining the rapid onset of ADM observed.

Alteration of signaling and cell fate was also indicated by divergence of the KC;CxCK1A 

animals to a cystic, possibly MCN, phenotype. Other examples of KrasG12D compound 

mutants giving rise to the MCN phenotype have been reported including a NOTCH2 

knockout [52], mutants that constitutively stabilize HIF2α [53] and Smad4/Dpc4 

heterozygous and homozygous deletions [54]. The NOTCH2 knockout shows an extended 

lifespan but does not progress to pancreatic cancer via PanIN progression instead giving rise 

to an anaplastic malignant transformation characterized by a strong EMT phenotype. Loss of 

Smad4 is a known genetic feature that typically occurs in advanced PDA, but Izeradjene, et 

al. showed that early SMAD4 haploinsufficiency could alter the histopathologic course of 

disease (i.e., towards an MCN phenotype) with a decreased proliferative capacity as they 

developed PDA with a similar lifespan albeit decreased metastatic burden compared to KC 

animals [54]. These models are distinct from the KC;CxCK1A phenotype reported here, 

where we observed extended lifespan and decreased metastasis. Thus, as observed in the 

conventional PanIN-to-PDA scheme, multiple pathways to a cystic phenotype are suggested 

by these models and are likely influenced by the hetero-cellular interactions that are a 

hallmark of all PDAs.

Elimination of CK1 phosphorylation sites on Cx43 leads to stabilization of NDRG1 [21]. 

NDRG1 has been shown to be correlated with better prognoses in pancreatic cancer through 

an ability to inhibit migration and invasion [29]. Another study on human PDA showed that 

NDRG1 was highly expressed in well-differentiated cells and absent from poorly 

differentiated tumor cells [30]. This pattern is again consistent with KC;CxCK1A tumor cells 

maintaining an epithelial phenotype and reduced metastases in these animals.

Our experiments argue that gap junctions between stromal CAFs support a 

microenvironment that can enhance metastasis through regulation of EMT and/or through 

effects on tumor cell escape from the primary site. The in vitro work from other labs 

showing that gap junctions can shift cells to a secretory phenotype [12, 41, 46] argues that 

Cx43 could, indeed, be modulating the phenotype of CAFs in vivo. If this were the case, 

targeting of Cx43 could have broad effects on the fibrotic or immune profile of these tumors. 

A role for stromal gap junctions in mediating tumor cell adhesion and invasion has been 

suggested in other studies [55, 56] indicating that Cx43 expressing CAFs may prove to be an 

important player not just in PDA but other types of cancer.

Though much is known about the genetic drivers of PDA, this disease continues to be 

resistant to therapy, in large part, due to a dynamic and complex tumor architecture and 

microenvironment that evolves through the interplay of multiple cell types over time [47]. 

Interestingly, epidermal wounding also requires a dynamic and coordinated response 

involving similar cell types and functions, and the idea of cancer as a wound that won’t heal 

Solan et al. Page 9

Oncogene. Author manuscript; available in PMC 2021 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has been suggested by multiple groups (e.g., [57]). We and others have shown that Cx43 

phosphorylation is also dynamically regulated during wound healing [8, 10, 11]. Indeed, 

genetic modulation of different Cx43 phosphorylation sites has the opposite effect on wound 

healing; the Cx43CK1A mouse healed wounds more slowly, while elimination of MAPK 

phosphorylation sites (Cx43MAPKA mouse) caused faster healing [8, 11]. Furthermore, a 

drug that modulates Cx43 expression shows promise in promoting wound healing and is 

currently in phase 3 clinical trials [58]. Here, we showed that regulation of Cx43 in PDA can 

also have dramatic effects on outcome and could be a potential therapeutic target.

Materials and Methods

Reagents and antibodies:

All general chemicals, unless noted, were from Thermo Fisher Scientific (Waltham, MA). 

Antibodies used for immunoblotting: anti-Cx43, Cx43NT1 made at the Fred Hutchinson 

Cancer Research Center Antibody Technology Facility (Seattle, WA); E-cadherin, #3195 

Cell Signaling Technology (Danvers, MA); NDRG1, Vimentin, #13901 Cell Signaling 

Technology; Vinculin V4505 MillliporeSigma (Burlington, MA); Immunohistochemistry: 

Cx43 (6219, MilliporeSigma); Ki67 (12202 Cell Signaling Technology), Progesterone 

receptor (Lab Vision SP2, Thermo Fisher), Vimentin (Novus Biologicals, Centennial, CO); 

Immunofluorescence: anti-PCNA (NA03, MilliporeSigma), CK19 (TROMA-3 

Developmental Studies Hybridoma Bank (Iowa City, IA)), smooth muscle actin (A5228 

MiliporeSigma). Secondary antibodies from ThermoFisher: Rat IgG 647 (A21247); anti-

rabbit IgG 594 (A32754); anti-mouse IgG2a 488 (A32723).

Mouse strains and tissue processing:

All mouse studies were conducted with Institutional Animal Care and Use Committee 

approval (IACUC). Cx43CK1 [59] and KC [17] mice were generated as previously described 

and inbred into a C57Bl6/6J strain background. For survival studies, animals were bred until 

at least 22 animals of each genotype were born (per power calculation with 30% effect) and 

monitored per IACUC-approved rodent tumor monitoring standard operating procedures. 

Briefly, mice were monitored 3 times weekly until a palpable tumor was evident, then daily 

until euthanasia was advised due to signs of distress including (but not limited to) respiratory 

or mobility problems. Animals underwent necropsy and tissue was formalin-fixed or flash 

frozen as previously described [60]. Entry into time-course cohorts was randomized so that 

animals were entered into predetermined positions at birth, then euthanized at the 

appropriate age (or earlier, if advised), necropsied and tissue collected.

Histochemistry and Immunohistochemistry:

Sections (4μm) of formalin-fixed, paraffin-embedded tissues were deparaffinized with 

xylene and rehydrated. Serial sections were stained with H&E or Alcian Blue as described 

[17]. Immunohistochemistry was performed on a Leica BOND autostainer (Wetzlar, 

Germany). Slides were scanned in brightfield using the Aperio Digital Pathology System 

(Leica). Images were analyzed using the Tissue Classifier and Area Quantification modules 

of the HALO Image Analysis System v.3.0 (Indica labs, Albuquerque, NM). For 

immunofluorescence antigen retrieval was performed in a pressure cooker using 10mM 
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Sodium citrate, pH 6.0. Primary antibodies were incubated overnight followed by incubation 

with secondary antibodies and TrueVIEW (SP-8400, Vector Laboratories, Burlingame, CA). 

Images were captured with a Nikon DSVi1 brightfield camera using NIS Elements 3.2 Basic 

Research Image software (Nikon Instruments Inc., Melville, NY).

Immunoblotting:

Flash frozen pancreata were homogenized in Laemmli Sample buffer containing 1x 

Complete protease inhibitor cocktail, 1x phosphatase inhibitor cocktail and 2mM 

Phenylmethylsulfonyl fluoride (all from MilliporeSigma) using a glass pestle tissue grinder. 

Primary cell lysates were directly lysed in Laemmli Sample Buffer containing the same 

inhibitors. After sonication samples were separated by SDS-PAGE, blotted to nitrocellulose, 

checked for load with Ponceau S, blocked in 1% milk and probed with antibodies as noted. 

Antibodies were detected with appropriate secondary antibodies conjugated to 

AlexaFluor680 or AlexaFlour790 (Thermo Fisher Scientific) and directly quantified using 

the Li-Cor Biosciences Odyssey infrared imaging system and associated software (Lincoln, 

NE). Normalized densitometry values were calculated as a ratio to vinculin (chosen as 

loading control as it showed high correspondence with Ponceau S staining in previous 

experiments).

Tail vein injections

were performed by our Co-operative Center for Excellence in Hematology per IACUC 

approved Standard Operating Procedures. Briefly, 0.2ml of warm PBS containing 0.5 x 106 

cells derived from KC or KC;CxCK1A tumors were injected into either NOD/SCID, 

KrasG12D or KrasG12D;CxCK1A mice. Animals were monitored every 5 days; immune 

competent animals were euthanized after 2 weeks while NOD/SCID mice began showing 

signs of distress and were euthanized at 10 days. Necropsies were performed and tissue was 

collected.

All graphs show mean and standard deviation, further information on statistics can be found 

in Supplemental Figure 11.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PDA pancreatic adenocarcinoma

KC KrasG12D

WT wild type

DAPI 4’,6 diamidine-2-phenylindole

H & E hematoxylin and eosin

PanIN pancreatic intraepithelial neoplasm

CK1 casein kinase 1

ERK extracellular signal-related kinase

CK19 cytokeratin 19

SMA smooth muscle actin

ADM acinar ductal metaplasia

CAF cancer-associated fibroblast

MCN mucinous cystic neoplasm

EMT epidermal to mesenchymal transition

IHC immunohistochemistry

FFPE formalin-fixed, paraffin-embedded

NDRG1 N-Myc Downstream Regulated 1
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Figure 1. KC;CxCK1 mice have a longer lifespan and decreased metastatic burden compared to 
KC mice.
(A) Kaplan Meier curves showing survival of wild type (WT), Cx43CK1, KC and 

KC;CxCK1A animals (KC vs KC;CxCK1A, p=0.03 by log-rank). Dashed line indicates 

earliest death for animals without activated Kras. (B) Table shows number of animals with 

metastases that were visible upon necropsy and histological identification as PDA or other 

(non PDA derived metastasis) (*Used to determine difference in number of PDA derived 

metastases in KC vs. KC;CxCK1 , p=0.045 by Fishers exact test). (C) Low magnification 

image of liver metastases from a KC animal (#1415) immunostained for Cx43 (bar is 

500μm). Zoomed images show examples of Cx43 expression in a small (D) and a large (E) 

metastasis (bars are 50μm). (F) Table indicating amount of Cx43 expression by IHC in 

metastases from KC and KC;CxCK1A animals.
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Figure 2. KC;CxCK1A mice show rapid onset of tumorigenesis and exhibit an MCN phenotype.
A) Representative H&E and Alcian blue staining of pancreata from 6-month old mice. 

Proportion of normal parenchyma in tissue quantified in upper graph (n=6 mice/genotype, 

unpaired t-test, 2-tailed). Proportion of Alcian blue staining in tissue quantified in lower 

graph (n=4 mice/genotype, unpaired t-test, 2-tailed). B) Images show typical tumors from 

16-month old mice of both genotypes. C) IHC shows progesterone receptor staining in from 

a 16-month old KC;CxCK1A pancreas. Table indicates number of mice demonstrating visible 

cysts at necropsy (p=0.023 by Fishers exact test). Bars are 100μm.
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Figure 3. CxCK1A mutation does not inhibit ability of tail vein injected tumor cells to colonize 
the lung.
A) Representative images of mouse lungs from tail vein metastasis assay. Top panels show 

H&E (bar is 500μm) and bottom panels show IHC staining for Cx43 (bar is 100μm). B) 

Proportion of lung tissue occupied by tumor cells is quantified in upper graph and proportion 

of tissue staining positive for Cx43 is quantified in lower graph (n=3 mice per condition, 

Sidak’s multiple comparisons).
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Figure 4. CxCK1A mutation promotes an epithelial phenotype.
A) Representative immunofluorescence image showing Cx43 expression in primary tumor 

cell lines derived from 2 different KC and KC;CxCK1A pancreas tumors (1 and 2, bar is 50 

μm). B) Immunoblot analysis of primary tumor cell lines showing expression of Cx43, E-

Cadherin, NDRG1 and vinculin. E-cadherin, and NDRG1 levels were normalized to vinculin 

and quantified (n=4 experiments, Student’s t-test).
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Figure 5. Gap junctions in tumor stroma are absent from KC;CxCK1A tumors.
Representative IHC staining of Cx43 in tumors from moribund mice. Arrows highlight areas 

with Cx43 expression. Extent of punctate staining in tissue is quantified in upper graph 

while extent of cytoplasmic staining is quantified in the lower graph (n=4 mice/genotype, 

nested t-test). Bar is 25 μm.

Solan et al. Page 20

Oncogene. Author manuscript; available in PMC 2021 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Cancer associated fibroblasts increase gap junction expression during tumor 
progression.
Representative IHC and immunofluorescence staining of invasive PDA from KC mice. 

Sequential sections stained for vimentin (A, E) and Cx43 (B, F) shown by IHC. 

Immunofluorescence images D and H show Cx43 (white) and DAPI (blue) while C and G 

show them overlaid with SMA (green) and CK19 (red). White arrowheads in these images 

point out gap junctions. Images I-L show immunofluorescence staining for Cx43 (white), 

SMA (green) and FAPα (red). Arrowheads in these images point out gap junctions while the 

colors indicate whether staining occurs in a particular cell type (red: FAPα+, green: SMA+, 

yellow: FAPα+/SMA+ and white: FAPα−/SMA−). Bar is 50μm.
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