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Abstract

Objectives—A functional vacuolar adenosine triphosphatase (v-ATPase) complex regulates 

canonical Wnt/β-catenin signaling. The goal of this study was to identify the distribution of the v-

ATPase in human and murine models of pancreatic intraepithelial neoplasms (PanINs) and assess 

its role in Wnt/β-catenin signaling.

Methods—We evaluated the immunolabeling pattern of the v-ATPase in human PanIN 

specimens and murine PanIN-1 and PanIN-2 lesions obtained from Ptf1aCre/+; LSL-KrasG12D 

mice. Wnt/β-catenin signaling was interrogated in primary PanIN cells by examining the 

phosphorylated levels of its surface coreceptor, low-density lipoprotein receptor-related protein-6 

(LRP6), and its intracellular effector, nonphosphorylated β-catenin. The response of primary 

PanIN cells to epidermal growth factor (EGF) was assessed in the absence and presence of the v-

ATPase inhibitor, concanamycin.

Results—In advanced (PanIN-2), but not early (PanIN-1), lesions, the v-ATPase assumed a 

polarized phenotype. Blocking the v-ATPase disrupted Wnt/β-catenin signaling in primary PanIN 

cells despite significantly higher levels of the total and activated Wnt cell surface coreceptor, 

LRP6. Vacuolar adenosine triphosphatase blockade significantly decreased the total and activated 

levels of EGF receptor, a determinant of PanIN progression. The activation of EGF receptor and 

its intracellular mediator, p44/42 mitogen-activated protein kinase, was also reduced by v-ATPase 

blockade. This led to diminished proliferation in response to EGF ligand.

Conclusions—The v-ATPase regulates Wnt/β-catenin and EGF receptor signaling in PanINs.
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Cancer cells exist in hypoxic and metabolically challenged conditions.1 This 

microenvironment evokes compensatory changes in the cancer cell that confer survival 

properties. One such mechanism is the activity of the vacuolar adenosine triphosphatase (v-

ATPase).2–4 This proton transporter mediates multiple pH-dependent processes, including 

vesicular trafficking, coupled ion gradient-molecular transport, and protease activation.5–8 

One explanation of how the v-ATPase contributes to cancer cell growth and invasion may 

be its ability to provide a localized proton efflux, thereby rating an acidic extracellular 

microenvironment that favors protease activation. We and others previously noted that v-

ATPase expression is increased in human pancreatic cancer specimens and localizes to 

plasma membranes in certain pancreatic cancer cell lines.9,10 However, the functional 

outcome of v-ATPase blockade was mixed, with specific protease activities diminished 

while the activities of others increased.10 This suggests that proton efflux may not be the 

sole mechanism by which the v-ATPase promotes cancer behavior.

Recently, other mechanisms by which v-ATPase function may drive cancer survival and 

growth have been proposed.11–13 Cellular migration and developmental signaling require 

coordinated trafficking of surface receptors and proper control of signal transduction 

networks. For instance, inhibiting the v-ATPase altered the localization of epidermal growth 

factor receptor (EGFR), reduced cellular motility, and impeded metastatic spread of cancer 

cells in vivo.11 Because the presence of EGFR is essential for acinar-to-ductal metaplasia 

stimulated by mutant Kras or chemically induced pancreatitis,14,15 this suggests that the v-

ATPase may adopt a polarized cellular pattern in a manner analogous to EGFR to facilitate 

receptor recycling and signal transduction. Moreover, the proper function of developmental 

pathways such as Wnt and Notch requires an intact v-ATPase for proper receptor trafficking 

and signal transduction.12,13

To address these issues further, v-ATPase localization during different stages of pancreatic 

intraepithelial neoplasms (PanINs) was assessed. We further evaluated whether the function 

of the Wnt/β-catenin pathway was v-ATPase dependent in PanIN cells, as has recently been 

proposed.12 Our work demonstrates that advanced, but not early, precancerous PanIN 

lesions show polarized labeling for the v-ATPase. We further demonstrate that the v-ATPase 

regulates canonical Wnt/β-catenin signaling in a primary PanIN cell line. In the presence of 

v-ATPase blockade, increased levels of the Wnt surface receptor, low-density lipoprotein 

receptor-related protein-6 (LRP6), occurred in conjunction with decreased intracellular 

levels of its nuclear effector, β-catenin. Thus, our work reveals that the v-ATPase regulates 

the normal signal transduction of a developmental pathway at the advanced PanIN stage.
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MATERIALS AND METHODS

Human PanIN Lesions

Paraffin-embedded specimens from patients who underwent surgery for pancreatic ductal 

adenocarcinoma were immunolabeled to evaluate v-ATPase intensity and labeling (n = 16). 

The institutional review board of the VA CT Healthcare System approved the study.

Mouse Models of PanIN Lesions

The LSL-KrasG12D and Ptf1aCre/+ mice were previously described.16 The strains were 

interbred to obtain Ptf1aCre/+; LSL-KrasG12D mice, which served as the models of advanced 

(PanIN-2) lesions. Ptf1aCre/+ littermates served as controls. The mice used in the study were 

24 weeks of age.

Antibodies and Reagents

Antibodies to p44/42 mitogen-activated protein kinase (MAPK), No. 9102; phospho-p44/42 

MAPK, No. 4370; EGFR, No. 2232; phospho-EGFR, No. 3777 (Cell Signaling, Danvers, 

Mass); V1E (Genway, Sigma, St Louis, Mo); as well as V0a1, V0a2, and V0a3 (gift of Dr 

Dennis Stone, University of Texas Southwestern Medical Center, Dallas, Tex) were used to 

assess v-ATPase isoform specificity and responses to v-ATPase-dependent cellular 

proliferation signals. Antibodies to phospho-low-density lipoprotein receptor-related 

protein-6 (LRP6) No. 1490; total LRP6, No. 2560; nonphosphorylated (active) β-catenin, 

No. 4270; total β-catenin, No. 8480; phospho-GSK3β, No. 9327; and total glycogen 

synthase kinase 3β (GSK3β) No. 9315 (Cell Signaling) were used to interrogate canonical 

Wnt/β-catenin signaling. Secondary fluorescent antibodies were purchased from Invitrogen. 

Chemical reagents were purchased from Sigma, unless specified. The inhibitor of v-ATPase 

function, concanamycin (10–50 nM), was used in cell culture experiments.

Cell Culture

A primary PanIN line, PI34, was generated from Pdx-Cre; LSL-KrasG12D; p16fl/fl; yellow 

fluorescent protein mice at 6 weeks of age when only PanIN-1, PanIN-2, as well as PanIN-3 

lesions and no invasive carcinoma were detected on histology. Yellow fluorescent protein + 

pancreas epithelial lineage-labeled cells were isolated by flow cytometry as previously 

described.17 The cells were maintained in Dulbecco’s modified eagle medium + fetal calf 

serum 10%. To obtain conditioned medium, the cells were grown to 80% to 90% 

confluence, washed twice with serum-free media, and then incubated with serum-free media 

overnight. Conditioned medium was obtained after 18 to 20 hours under control and v-

ATPase blockade conditions.

Immunohistochemistry and Immunofluorescence

Immunohistochemistry was performed as described.18 Sections were deparaffinized, treated 

to inhibit endogenous peroxidase, and subjected to antigen retrieval. Slides were washed in 

tris-buffered saline and incubated with primary antibodies. Sections were washed as well as 

incubated with biotinylated anti-serum and then with streptavidin complexed with 
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horseradish peroxidase followed by diaminobenzidine. The sections were then 

counterstained with hematoxylin and eosin.

Immunofluorescence labeling was performed on tissue sections and primary PanIN cells. In 

brief, the tissue sections and the PanIN cells on coverslips were rinsed with phosphate-

buffered saline, permeabilized with 0.05% Triton-X for 5 to 10 minutes, and blocked in 2% 

bovine serum albumin. Samples were incubated with primary antibody and then with the 

corresponding secondary antibodies. Slides were mounted with ProLong Gold with DAPI 

(Invitrogen). Control slides were incubated in secondary antibody only. Pancreatic 

intraepithelial neoplasm lesions with v-ATPase labeling were stained with Alcian blue to 

assess acidic mucins and counterstained with nuclear fast red solution.19 

Immunofluorescence and differential interference contrast microscopy images were obtained 

on a Zeiss Axiovert microscope and adjusted on Adobe Photoshop, version 9.0.

Immunoblotting

Immunoblotting was performed as described.18 Protein content was determined by Pierce 

assay. Proteins were run on a gradient gel and transferred to polyvinylidene difluoride 

membranes. After blocking in a 5% milk solution, membranes were incubated overnight 

with primary antibodies. After washing, the primary antibodies were labeled using a 

peroxidase-conjugated goat IgG against the host species of the primary antibody. Peroxidase 

was detected by a chemiluminescence assay (Pierce). Equivalence of loading was confirmed 

using β-actin (Sigma) or Coomassie stain of conditioned medium. Blots were developed by 

film or visualized on a Bio-Rad imager and integrated densitometry assessed by Image J. 

Values were expressed as a percentage of the control or vehicle for ease of comparison.

Cellular Proliferation

WST-1 assay was performed according to manufacturer’s instructions. Briefly, 5 × 103 

primary PanIN (PI34) cells were plated in a 96-well plate, placed in 0.1% fetal calf serum 

media after reaching 70% confluence, and then challenged with EGF 10 pg/mL to 100 

ng/mL for 24 hours to assess optimal proliferative responses to EGF. The PanIN cells were 

then challenged with EGF 1 ng/mL in the absence and presence of concanamycin 10 nM.

Statistical Analysis

P values were calculated using 2-tailed Student t tests on Prism software version 4.0, with P 

< 0.05 deemed statistically significant. Values were stated as mean ± SEM.

RESULTS

V-ATPase Undergoes Basolateral Localization in Advanced PanIN Lesions in Humans

Regions of cancer cells reflecting the leading edge or invasive front are responsible for focal 

protease release required for matrix degradation and cell invasion.10,20 Alternatively, the 

localization of receptors initiates growth and developmental pathways known to promote 

cell survival and proliferation. We investigated whether these changes occur in human 

PanIN lesions. Low-grade PanIN lesions (Fig. 1A, arrow) with typical columnar 

morphology displayed diffuse labeling of the V1E subunit. This diffuse labeling pattern was 
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also seen in a section of normal acinar cells (Fig. 1A, arrowhead). With more neoplastic 

features such as a cribriform pattern of cells and increased nuclear-cytoplasmic ratio seen in 

advanced PanIN lesions, V1E labeling was situated along the basolateral membranes (Figs. 

1B, C; magnified view of inset in 1B with the outline of polarized labeling of columnar 

cell). We next addressed whether this change in v-ATPase localization occurs in murine 

models of PanINs.

V-ATPase Localizes to the Basolateral Domain in Murine Models of Advanced PanINs

In the control Ptf1aCre/+ mice, labeling of the v-ATPase was prominent in islets (Fig. 1D, 

arrow), a finding that is consistent with its known localization.21 Under higher 

magnification, acinar cells and ducts displayed homogeneous labeling of the V1E subunit 

(Fig. 1G). Pancreatic intraepithelial neoplasm 1 lesions from the Ptf1aCre/+; LSL-KrasG12D 

mice also demonstrated heterogeneous V1E labeling, with some ducts labeling more 

robustly than others (Fig. 1E, arrow). In early PanIN lesions, V1E staining of cells was 

diffuse rather than polarized (Fig. 1H, arrow). In more advanced PanIN-2 lesions, 

characterized by heterogeneity of cells and a cribriform pattern, V1E staining became more 

prominent (Fig. 1I), with a prominent basolateral distribution of cellular labeling in some 

cells (Fig. 1I, arrow). Thus, labeling of the v-ATPase subunit V1E in murine models of 

PanIN formation recapitulates those found in human PanIN specimens.

Distinct cellular localization of the v-ATPase in the early versus advanced PanIN lesions in 

human pancreatic tissue was further delineated. Alcian blue staining confirmed the presence 

of acidic mucins in the early and advanced PanIN lesions (Figs. 2A, D; ×20). Differential 

interference contrast microscopy and Alcian blue staining of the early (Figs. 2B, C) and 

advanced PanIN (Figs. 2F, G) lesions confirmed columnar morphology but with 

pseudopalisading cells, irregularly oriented nuclei, and increased nuclear atypia in the 

advanced PanIN lesions (Figs. 2F–H). The early PanIN lesions demonstrated v-ATPase 

localization in both apical and basolateral cellular compartments (Fig. 2D). The advanced 

PanIN specimens demonstrated v-ATPase localization confined mainly to the basolateral 

region (Fig. 2H; arrow). These findings indicate that, with advancing PanIN stage, the v-

ATPase adopts a basolateral distribution within the cell that may play a role in PanIN 

progression.

Specific subunits of the v-ATPase are known to localize to plasma membranes. Thus, we 

next investigated whether the V0a3 and V1E subunits shared localization in the control and 

PanIN-2 murine pancreas. In the control specimens, both subunits prominently labeled islets 

(Fig. 3A, arrows), as previously described, as well as ductal structures (Fig. 3A, 

arrowheads). In the PanIN-2 lesions, V0a3 and V1E subunits localized to the basolateral 

domain in specific regions (Fig. 3B, arrows). In addition, primary PanIN cells, PI34, were 

stained for V1E and also noted to have plasma membrane localization (Fig. 3C, arrow). 

These results indicate that, in advanced PanIN lesions and cells, v-ATPase localization is 

polarized.
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V-ATPase Regulates Canonical Wnt/β-catenin Signaling in Primary PanIN Cells

Because canonical Wnt/β-catenin signaling is implicated in pancreatic carcinogenesis and is 

regulated by a functional v-ATPase network,12,22 we examined the effects of v-ATPase 

blockade in primary PanIN cells. Vacuolar adenosine triphosphatase blockade led to a more 

than 2-fold increase in the levels of the cell surface receptor, total LRP6, and a nearly 80% 

increase in its active form, phospho-LRP6 (Figs. 4A, B).

Increased phospho-LRP6 should result in enhanced levels of its downstream effector, 

nonphosphorylated (active) β-catenin. Immunofluorescent images of PI34 cells revealed cell 

surface labeling of β-catenin under control and concanamycin conditions (Fig. 4C). 

Cytoplasmic and perinuclear staining of β-catenin (Fig. 4C, arrows) was notable under 

control conditions but was minimal in the presence of concanamycin. This was confirmed 

by immunoblotting where v-ATPase blockade led to reduced nonphosphorylated β-catenin 

by nearly 50% despite similar levels of total β-catenin (Fig. 4D).

Central to the control of canonical Wnt signaling is the constitutive negative regulation of 

intracellular β-catenin. Phosphorylation of GSK3β leads to the inhibition of GSK3β activity 

on β-catenin and the stabilization of β-catenin.23 Under concanamycin conditions, 

phosphorylated (inactive) GSK3β was reduced by approximately 60%, amounting to an 

appropriate decrease in active β-catenin levels (Fig. 4D). Although LRP6 activation should 

result in increased GSK3β inhibition, the opposite effect occurred. These effects indicate 

that blocking the v-ATPase uncouples the activation of Wnt cell surface receptor from its 

downstream effectors, GSK3β and β-catenin.

V-ATPase Blockade Decreases EGFR Levels and PanIN Proliferation in Response to EGF

A recently detailed driver mechanism toward carcinogenesis in mutant Kras cells is the 

presence of EGFR signaling.15 Previous studies on breast cancer cells have described 

changes in EGFR distribution with v-ATPase blockade,11 but whether EGFR levels are 

altered by v-ATPase inhibition in PanIN cells is unknown. The EGFR levels decreased by 

40% in concanamycin-treated PI34 cells without affecting the levels of the V1E subunit 

(Fig. 5A). Blocking v-ATPase activity for 1 hour did not alter the levels of phospho-EGFR, 

total EGFR, or intracellular effectors such as p44/42 MAPK (Fig. 5B). At 18 hours, 

however, the activation of phospho-EGFR, total EGFR, and MAPK was diminished in 

concanamycin-treated cells (Fig 5B). Functionally, diminished levels of EGFR and its 

activated form led to reduced proliferation in response to EGF ligand. PI34 cells 

demonstrated a significant proliferative response to EGF from 100 pg/mL to 10 ng/mL (Fig. 

5C), which was significantly blocked by concanamycin (Fig. 5D). These findings indicate 

that PanIN proliferative responses to EGF are v-ATPase dependent.

DISCUSSION

Previous studies on human pancreatic cancer specimens had found higher gene expression 

and immunolabeling of various v-ATPase subunits in pancreatic ductal adenocarcinoma 

compared with the normal pancreas and with the benign cystic pancreatic tumors.9,10 We 

previously showed that plasma membrane localization of the v-ATPase in pancreatic cancer 
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cells lines occurred with differential effects on protease activation.10 The current study 

examined experimental PanIN lesions to determine whether basolateral and plasma 

membrane localization of the v-ATPase occurred in premalignant lesions, whether it 

corresponded to a specific stage of PanIN development, and whether this might affect the 

regulators of neoplasia. In this study, we found that the v-ATPase localized in a basolateral 

labeling pattern in advanced (PanIN-2), but not early (PanIN-1), experimental PanIN 

lesions. We also found that a functional v-ATPase is essential for canonical Wnt/β-catenin 

signaling in primary PanIN cells.

The polarized staining pattern of the v-ATPase at the advanced PanIN stage and its role in 

Wnt/β-catenin signal transduction correlate with findings from clinical studies. Tissue 

microarray analysis of human PanIN lesions has shown cytoplasmic and nuclear β-catenin in 

advanced, but not early, PanIN lesions.24 Combined with the current study, which shows a 

polarized v-ATPase at a defined stage of PanIN development, this suggests a role for the v-

ATPase in regulating developmental signaling pathways that advance the neoplastic 

phenotype. In fact, a functional v-ATPase has been implicated in canonical Wnt/β-catenin 

signaling and Notch activation.12 In the Wnt signaling study, v-ATPase blockade abrogated 

LRP6 phosphorylation, activation, and downstream signaling. Interestingly, our data in 

PanIN cells and pancreatic cancer cells (data not shown) demonstrate that Wnt/β-catenin 

signaling is disrupted but not through impairment of LRP6 phosphorylation, which actually 

increased with v-ATPase blockade. Rather, increased LRP6 receptor activation with v-

ATPase blockade resulted in decreased levels of its nuclear effector, the activated β-catenin. 

This indicates that a functional v-ATPase is necessary for proper signal transduction from 

surface receptor activation to active intracellular β-catenin. In the context of v-ATPase 

localization on basolateral membranes in advanced, but not early, PanINs, this lends 

additional evidence for a temporally defined role for the v-ATPase in mediating 

developmental signaling pathways such as canonical Wnt signaling.

Although the current study shows that Wnt/β-catenin signaling depends on a functional v-

ATPase in PanIN cells, the role of this developmental pathway in PanIN lesion development 

and progression remains unclear. Experimental models using pancreas lineage-specific 

expression of constitutively active β-catenin lead to indolent solid-pseudopapillary 

neoplasms rather than PanIN formation.25 Even more surprising, constitutively active β-

catenin negates the ability of mutant KrasG12D to induce PanIN formation in mice.25 This 

indicates that Wnt/β-catenin signaling regulates acinar cell differentiation in models using 

mutant KrasG12D, raising the possibility that Wnt signaling must be temporally regulated for 

PanINs to develop.26 In the current context, where a functional v-ATPase was necessary for 

normal Wnt signal transduction, the specific polarization of the v-ATPase at the advanced 

PanIN stage suggests the involvement of the Wnt pathway at a late stage of PanIN 

differentiation.

The current study also highlights the role of the v-ATPase in regulating EGFR levels and 

suggests additional regulatory mechanisms that control its levels. Studies using pancreas-

specific mutant Kras mice demonstrated that EGFR was absolutely required for PanIN and 

pancreatic cancer development in this model.15 Although our study did not define a direct 

link between the Wnt/β-catenin signaling and the suppression of EGFR, it has been 
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previously shown that overexpressing β-catenin increases EGF and EGFR expression in 

other organs.27 Thus, our results point to the possibility that v-ATPase blockade through the 

negative regulation of Wnt/β-catenin signaling may modulate EGFR levels.

In this study, we addressed the localization of the v-ATPase at the advanced PanIN stage. In 

a previous study, we identified a role for v-ATPase activity in mediating protease activation 

in pancreatic cancer cells, thereby contributing to matrix turnover.10 Because matrix 

degradation by proteases can also liberate ligands such as EGF,28 the results in this study 

suggest that v-ATPase activity may promote cellular tumor growth by providing sources of 

growth factors and maintaining signaling networks in response to ligands such as EGF.

In summary, v-ATPase staining of experimental PanIN formation in a well-characterized 

mutant Kras model demonstrates a loss of polarity that occurs with advanced, but not early, 

PanIN grades. These distinct changes are seen in grade 2 PanIN lesions, suggesting a 

temporal role for v-ATPase polarization at this stage of malignant transformation. Because 

the orchestrated activation of Wnt/β-catenin is v-ATPase dependent and necessary for 

pancreatic tumorigenesis, these findings suggest a role for the v-ATPase in regulating 

Wnt/β-catenin at the PanIN stage.
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FIGURE 1. 
Human pancreatic tissue demonstrates v-ATPase labeling in advanced, but not early, PanIN 

lesions. A, Low-grade PanIN lesions displayed diffuse labeling of the V1E subunit (arrow). 

A diffuse labeling pattern was also seen in a normal section of acinar cells (arrowhead). B 

and C, In advanced PanIN lesions, V1E labeling was situated along the basolateral 

membranes (C, magnified view of inset in B with the outline of columnar-appearing cell). D, 

In the control mice, v-ATPase staining was notable in islets (arrow). E and H, The PanIN-1 

lesions demonstrated heterogeneous V1E labeling with predominantly diffuse staining 

pattern (arrow). F and I, The PanIN-2 lesions display more robust staining of the v-ATPase 

and prominent basolateral distribution of V1E labeling in some cells (arrow). Low-

magnification images, ×10; high-magnification images, ×40.
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FIGURE 2. 
Advanced PanIN lesions in humans reveal a basolateral distribution of the v-ATPase. A to 

D, Early PanIN lesions demonstrate a diffuse pattern of v-ATPase labeling: A, Alcian blue 

labeling confirms the presence of acidic mucins, ×20. B, Differential interference contrast 

microscopy. C, Alcian blue labeling showing uniform nuclei of the early PanIN lesion, ×40. 

D, The V-ATPase labeling (red) of the early PanIN showing both apical (arrow) and 

basolateral labeling. E to H, More advanced PanIN lesions show a polarized basolateral 

distribution of the v-ATPase: E, Alcian blue labeling, ×20. F, Differential interference 

contrast microscopy. G, Alcian blue stain with pronounced nuclear atypia and 

pseudopalisading morphology. H, Pronounced basolateral v-ATPase distribution (arrow). 

The images acquired at ×20 and ×40 magnification. Scale bar represents 40 μM. L indicates 

lumen.
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FIGURE 3. 
Murine models of PanIN-2 lead to polarized v-ATPase expression. A, Pancreatic tissue from 

the control mice shows prominent V0a3 and V1E labeling of islets (arrows) and ducts 

(arrowheads). B, Pancreatic tissue from PanIN-2 models shows polarized labeling in some 

ducts (arrows). C, Primary PanIN cells show peripheral labeling of the V1E subunit (arrows) 

without labeling for the V0a2 subunit. Low-magnification images, ×40; high-magnification 

images, ×100.
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FIGURE 4. 
The v-ATPase is necessary for normal Wnt/β-catenin signaling in primary PanIN cells. A, 

Phospho-LRP6 and total LRP6 levels increased with concanamycin exposure. B, 

Quantification of blots showing approximately 80% increase in phospho-LRP6 with 

concanamycin. C, Blockade of the v-ATPase led to diminished intracellular levels of β-

catenin in primary PanIN cells compared with vehicle-treated cells. D, Immunoblots of 

active (nonphosphorylated) β-catenin show reduced levels with concanamycin 10 nM 

exposure despite increased representative blot from a total of 3 separate experiments.
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FIGURE 5. 
Effects of v-ATPase blockade on EGFR and EGF-mediated proliferation. A, Immunoblot 

and corresponding quantification show that concanamycin 10 nM decreases EGFR levels by 

40% without affecting the levels of v-ATPase subunit V1E. B, Immunoblot of P134 cells 

shows phospho-EGFR and phospho-MAPK levels 1 and 18 hours after v-ATPase inhibition 

(10-nM concanamycin). C, P134 cells show a concentration-dependent proliferative 

response to EGF. D, Proliferative responses to EGF in PanIN cells are blocked in the 
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presence of concanamycin 10 nM. Representative results from a total of 3 to 5 separate 

experiments.
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