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Abstract

Pseudomonas aeruginosa (PA) forms biofilms in lungs of cystic fibrosis CF) patients, a process

regulated by quorum sensing molecules including N-(3-oxododecanoyl)-L-homoserine lactone,

C12. C12 (10–100 μM) rapidly triggered events commonly associated with the intrinsic apoptotic

pathway in JME (CFΔF508CFTR, nasal surface) epithelial cells: depolarization of mitochondrial

(mito) membrane potential (Δψmito) and release of cytochrome C (cytoC) from mitos into cytosol

and activation of caspases 3/7, 8 and 9. C12 also had novel effects on the endoplasmic reticulum

(release of both Ca2+ and ER-targeted GFP and oxidized contents into the cytosol). Effects began

within 5 minutes and were complete in 1–2 hrs. C12 caused similar activation of caspases and

release of cytoC from mitos in Calu-3 (wtCFTR, bronchial gland) cells, showing that C12-

triggered responses occurred similarly in different airway epithelial types. C12 had nearly

identical effects on three key aspects of the apoptosis response (caspase 3/7, depolarization of

Δψmito and reduction of redox potential in the ER) in JME and CFTR-corrected JME cells

(adenoviral expression), showing that CFTR was likely not an important regulator of C12-

triggered apoptosis in airway epithelia. Exposure of airway cultures to biofilms from PAO1wt

caused depolarization of Δψmito and increases in Cacyto like 10–50 μM C12. In contrast, biofilms

from PAO1ΔlasI (C12 deficient) had no effect, suggesting that C12 from P. aeruginosa biofilms

may contribute to accumulation of apoptotic cells that cannot be cleared from CF lungs. A model

to explain the effects of C12 is proposed.

INTRODUCTION

The gram negative bacterium Pseudomonas aeruginosa uses N-(3-oxododecanolyl)-L-

homoserine lactone (C12), the product of the lasI gene, as a quorum-sensing molecule

(Pearson et al, 1995; Wagner and Iglewski, 2008). When C12 accumulates in the P.

aeruginosa-infected lungs, it permeates into neighboring bacteria, binds to lasR and
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contributes to the two-component lasI/lasR signaling-regulated gene expression pathways

involved in bacterial adaptation to the cystic fibrosis (CF) lungs (Christensen et al, 2011). A

critical effect of C12 is the activation of genes involved in the production of P. aeruginosa

biofilms, communities of sessile cells encased in exopolysaccharide that provides protection

against environmental insults, including antimicrobials and host immune responses (Kirisits

and Parsek, 2006).

In addition to its gene regulatory effects in P. aeruginosa, C12 also affects multiple

functions of airway and other host cells, a process termed inter-kingdom signaling (Pacheko

and Sperandio, 2009; Davis et al, 2010). The C12 molecule stimulates airway epithelial cells

to produce IL8 and other proinflammatory mediators (DiMango et al, 1995, Smith et al,

2001, Jahoor et al, 2008), but also inhibits LPS-stimulated NF-κB and proinflammatory

cytokine responses in macrophages and airway epithelial cells (Kravchenko et al, 2006,

2008). C12 can also stimulate CFTR-dependent Cl− and fluid secretion in airway epithelia

(Schwarzer et al, 2010), and it also damages or kills many host cells. C12 causes apparent

degradation of tight junctions and loss of barrier function in the intestinal cell line CaCo-2

(Vikstrom et al, 2006, 2010) and triggers apoptosis in mast cells, fibroblasts, endothelia,

macrophages and neutrophils (Shiner et al, 2006, Li et al, 2009, Tateda et al, 2003). In

contrast, the ability of C12 to induce apoptosis in epithelia appears to depend on the

particular cell type. C12 triggers apoptosis in mammary epithelial cells (Li et al, 2004), but

not in the liver cell line Hep2 or in the lung epithelial cell line CCL185 (Tateda et al, 2003).

C12 also caused apparently damaging changes in ultrastructure of mitochondria (mitos) and

endoplasmic reticulum (ER) and killed primary cultures of airway epithelial cells

(Kravchenko et al, 2006), but there were no tests of the role of apoptosis as opposed to some

other type of cell death.

The first goal of the present studies was to determine whether synthetic C12 triggers

apoptosis in the CF airway epithelial cell line (JME, homozygous for mutant ΔF508CFTR,

nasal-derived). Previous data showed that C12 triggered changes in Ca2+ and cAMP

signaling that began within a few mins, so we tested for C12 triggered apoptosis-related

events (activation of caspases and changes of structure and function of both mitos and ER)

over the course of a few mins up to four hrs. We performed a subset of these experiments on

Calu-3 (wtCFTR, gland-like) cells to test whether the effects of C12 were applicable to other

airway epithelia.

Second, we tested the role of CFTR in C12-triggered apoptosis by comparing time-course

responses to C12 in JME cells and CFTR-corrected (adenoviral expression) JME cells.

There have been a number of previous studies showing that apoptosis, triggered either by

cycloheximide (Gottlieb and Dosanjh 1996), oxidative stress (Jungas et al, 2002, Boncoeur

et al, 2006) or thapsigargin (Keribiriou et al, 2009), occurred to a greater extent in cells

expressing wtCFTR compared to cells expressing ΔF508CFTR. These activators triggered

apoptosis after 24–48 hrs. Another reason for testing CF vs. CFTR in the C12-triggered

apoptosis arises from the finding that C12 increases Ca2+ responses to C12 in CF vs. CFTR-

corrected cells (Mayer et al, 2011), and increases in cytosolic Ca2+ may trigger apoptosis.
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A final goal of these studies was to determine whether effects observed with synthetic C12

were recapitulated upon exposure to intact P. aeruginosa biofilms. Although PA biofilms

are likely to be important in CF pathophysiology, and C12 is produced by these biofilms

(Williams and Camara, 2009; Charlton et al, 2000), it remains controversial whether C12

concentrations produced by biofilms are large enough to trigger the various inflammatory

and apoptotic events observed using synthetic C12. For example, activation of inflammatory

and apoptotic events by C12 requires 10 – 1000 μM, but CF sputum has been reported to

contain C12 only in the low nM range of concentrations (Erickson et al, 2002, Chambers et

al, 2005). In addition, there have been only a few tests of biofilms on airway cells. One

approach has been to grow P. aeruginosa biofilms on coverglasses, and to then add

macrophages or neutrophils to the biofilms (Van Gennip et al, 2009; Bjarnsholt et al, 2010;

Christensen et al, 2011). In another approach, P. aeruginosa biofilms were grown on airway

epithelial cell lines, and the biofilms grew better on CF than on CFTR-expressing airway

epithelia (Anderson et al, 2008); this difference resulted from CF cells releasing more iron

into the media (to support the bacterial biofilm) than the CFTR-expressing cells (Moreau-

Marquis et al, 2008, 2009). These investigators also found that P aeruginosa biofilms killed

CF airway epithelia, though the role of apoptosis in this cell killing was not tested

(Anderson et al, 2008). Here we describe a different approach involving culture of P.

aeruginosa biofilms on sterile semi-permeable nylon membranes on LB medium for 48

hours, prior to application to JME cells that had been grown separately. Responses to

biofilms were compared to responses to synthetic C12. Comparisons were also made

between PAO1wt and PAO1ΔlasI (C12 deficient) biofilms to test the role of C12 in PAO1

biofilm-activation of apoptosis in airway epithelia.

RESULTS

C12 activates caspases 3/7, 8 and 9 in airway epithelial cells

Caspases 3/7, 8 and 9 are commonly activated during apoptosis (Brenner and Mak, 2009;

Mace and Riedl, 2010). We determined the time course of activation of caspases 3/7 in JME

(nasal, ΔF508CFTR) cells in response to C12. As summarized in Fig. 1A, 50 μM C12

activated caspases 3/7, 8 and 9 in JME cells beginning within 20 mins, reaching a maximum

and remaining constant from 60 mins up to 4 hrs. Control experiments were also performed

to test DMSO and another P. aeruginosa quorum-sensing molecule butyryl homoserine

lactone (C4). Neither DMSO (added in amounts equivalent to those in experiments with 50

μM C12) nor C4 (50 μM) activated caspase 3/7 compared to untreated controls after one or

two hrs treatment. After one hr treatment, relative caspase activities were DMSO = 0.99 +/−

0.08 (p > 0.9), C4 = 0.95 +/− 0.06 (p > 0.5) and C12 = 1.61 +/− 0.03 (p < 0.05) (n = 3

expts); after two hrs treatment, relative caspase activities were DMSO = 1.04 +/− 0.07 (p >

0.6), C4 = 1.02 +/− 0.02 (p > 0.3) and C12 = 1.54 +/− 0.11 (p < 0.05) (n = 3 expts). Thus,

there was no increase in caspase 3/7 activity with either DMSO or C4 at either one or two

hrs, while C12 increased caspase 3/7 equivalently at these times. For comparison, we also

tested staurosporine, a commonly used activator of apoptosis (Eckenrode et al, 2010).

Staurosporine (50 μM) caused a similar activation of the caspases in JME cells (Fig. 1B).

Similar experiments were performed on Calu-3 (gland, wtCFTR) cells to test for cell
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specificity of responses. C12 (50 μM) increased activities of caspases 3/7, 8 and 9 in Calu-3

cells after 2 hr (Fig. 2).

C12 causes rapid depolarization of mitochondrial membrane potential and slower release
of cytochrome C in JME cells

Some proapoptotic drugs cause rapid depolarization of mito membrane potential (Δψmito) as

a critical step in triggering apoptosis (Wang, et al, 2000; Degterev et al, 2001; Milanesi et

al, 2006). When JME cells were loaded with JC-1 (a cationic dye that selectively

accumulates in mitos and indicates Δψmito) and examined by confocal microscopopy, the

dye was localized to puncta throughout the cytosol, but not in the nucleus (Fig. 2A). When

these cells were then treated with C12 (50 μM), the punctate appearance gradually

disappeared as the dye was lost from the mitos and diffused into the cytosol and nucleus

(Fig. 2B). Quantitation of the time course of changes in JC-1 fluorescence in the nucleus

showed that 50 μM C12 caused a rapid, small increase in JC-1 signal followed by a slower,

larger increase during the next 20 mins. The rate and magnitude of this depolarization

response depended on cell density, with faster and larger responses occurring in sparsely

grown cells and slower and smaller responses in densely grown cells (as in Fig. 2C). These

quantitiative differences likely reflected the reduced accessibility of C12 to key cellular sites

in densely grown cells. Treatment with the protonophore FCCP (10 μM) to totally

depolarize Δψmito caused a further, rapid increase in JC-1 signal (Fig. 2C). In this set of

experiments C12 caused JC-1 signal to increase over the course of 20 mins to about 40% of

maximal (Fig 2D). There were no effects of adding either DMSO or 50 μM C4 on JC-1

fluorescence (data not shown). These results indicated that C12 caused selective effects to

depolarize Δψmito.

Release of cytochrome C (cytoC) from mitos into the cytosol is common to both intrinsic

and extrinsic pathways to apoptosis (Ow et al, 2008). This possibility was tested using

immunofluorescence in JME cells, which were left untreated or treated with 50 μM C12 for

one hr followed by staining. Control cells showed punctate staining characteristic of mitos

and distinct nuclei that lacked staining (Fig. 3A), while cells treated with C12 (50 μM) for 1

hr showed diffuse cytoC staining along with marked decreases in size of cells and nuclei and

increases in cytoC-filled plasma membrane blebs (Fig. 3B). Similar experiments were

performed on Calu-3 cells mounted in Ussing chambers so that C12 (50 μM) could be added

selectively to the apical surface, as would occur in vivo. Control cells showed punctate

cytoC staining (Fig. 3C). After one hr of C12 (50 μM), many cells, usually in groups, lost

puncta, and there was an increase in diffuse staining throughout the cytosol and nucleus,

consistent with release of cytoC from mitos into the cytosol and nuclei (Fig. 3D). These

results showed that C12 caused cytoC to be released from mitos into the cytosol in both

JME and Calu-3 cells within 1 hr.

Effects of C12 on ER: rapid release of Ca2+ and slower release of roGFP and oxidized
contents into the cytosol of JME cells

Previous experiments on Calu-3 cells showed that C12 caused slow increases in cytosolic

[Ca2+] (Cacyto) by activating the IP3 receptor to release Ca2+ from the thapsigargin-sensitive

store in the ER (Schwarzer et al, 2010). Similar experiments were performed on JME cells
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for comparison to these previous data and also to compare to later experiments with

biofilms. As shown in Fig. 4A, 1 μM C12 did not affect Cacyto, while 10 μM C12 caused a

small increase, and 100 μM C12 caused a large, transient increase in Cacyto; following 50 or

100 μM C12 there was no effect of thapsigargin (Fig. 4A). In contrast, when cells were

treated first with thapsigargin, there was a larger, initial increase in Cacyto, and no further

effect of C12 (Fig. 4B). These results were similar to those reported previously for Calu-3

cells (Schwarzer et al, 2010) and indicated that 50–100 μM C12 emptied the ER store of

Ca2+.

Kravchenko et al (2006) previously showed that C12 caused the ER of human bronchial

epithelial cells to become dilated. Recent experiments on mouse embryonic fibroblasts

showed that ER stress activated by thapsigargin or tunicamycin increased the permeability,

leading to the loss of GFP and other large proteins (60 kDa) from the ER into the cytosol

(Wang et al, 2011). This thapsigargin-triggered ER leakage of proteins began after about 10

hrs, but once it began it was completed within about 30 mins. Since C12 triggered both loss

of Ca2+ from the ER (Schwarzer et al, 2010) and also ER stress (Kravchenko et al, 2008; C.

Schwarzer and T.E. Machen, unpublished data) in airway epithelia, it seemed possible that

C12 might cause similar loss of ER proteins into the cytosol. We used ER-targeted redox-

sensitive roGFP to test this possibility. JME cells expressing ER-targeted roGFP were grown

on coverslips and mounted in either the confocal or widefield imaging microscopes. Under

control conditions, ER-targeted roGFP exhibited a typical reticular appearance, and there

was little or no ER-localized roGFP apparent in the nucleus (Fig. 5A). When these cells

were exposed to C12, the ER began to condense and fragment after 30–45 mins, similar to

the effects of thapsigargin (Ribeiro et al, 2000, Subramanian et al, 1997, Wang et al, 2010).

C12 also caused release of ER-targeted roGFP, which was seen most easily as an increase in

fluorescence in confocal sections through the middle of the nucleus. Beginning after 30–45

mins, ER-targeted roGFP started to appear in the nucleus of some cells (Fig. 5B). The

apparent release of roGFP from the ER and diffusion into the cytosol and nucleus continued

in those cells and became apparent in most cells after 60–90 mins (Fig. 5C).

We used the redox-sensitivity of roGFP and the oxidized vs. reduced properties of the ER

and cytosol, respectively, to quantitate leakage of ER contents into the cytosol. Results from

a typical experiment are shown in Fig. 6A. In the control condition, the ER exhibited a

characteristically oxidized redox potential (redoxer = −230 mV), while the cytosol was

reduced (redoxcyto = −310 mV), similar to values reported previously (Schwarzer et al,

2007). C12 caused, after a delay, ER-roGFP to become more reduced while cytosol-roGFP

became more oxidized. These changes in redoxer and redoxcyto occasionally began before

there was noticeable leakage of ER-targeted roGFP into the cytosol and nucleus. A summary

of these experiments is shown in Fig. 6B. C12 caused redox potential measured with the ER-

targeted probe to become reduced and cytosol-targeted probe to become oxidized, and the

two probes measured nearly equal redox potentials (approx. −290 mV). These data were

consistent with equilibration of redox of the two compartments.
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Effects of C12 on caspase, Δψmito and redoxer in JME and CFTR-corrected JME cells

Data to this point showed that C12 triggered apoptosis in JME (ΔF508CFTR) cells and that

similar activation of caspases and release of cytoC occurred in Calu-3 (wtCFTR) cells. This

indicated that CFTR was likely not an important regulator of C12-triggered apoptosis. We

performed direct tests of the role of CFTR by comparing responses in JME cells that were

treated with adenoviral vectors expressing lacZ or CFTR cDNA. As shown previously

(Hybiske et al, 2007), these adenoviruses infect approximately 90% of JME cells. The adv-

lacZ and adv-CFTR-infected cells were used for comparisons to quantitate caspase

activation, depolarization of Δψmito, and permeabilization of the ER as measured by

reduction of redoxer.

As shown in Fig. 7A, caspase 3/7 activities in untreated JME-lacZ and JME-CFTR cells

were very similar in control, untreated cells and then during 20 mins, 60 mins and 120 mins

treatment with 50 μM C12. The somewhat different rates of C12-triggered apoptosis in these

experiments (Fig. 7A) compared to those reported in Fig. 1A likely reflect slightly different

cell densities and, therefore, different access of C12 to the cells. Although there was a

statistically larger activation of caspase 3/7 at time zero and after 60 mins of C12 in JME-

CFTR compared to JME-lacZ cells, the difference was only about 10%, and there were no

differences in caspase activation at either 20 or 120 mins. C12 also caused the same rates of

depolarization of Δψmito (Fig. 7B). The larger and faster depolarization of Δψmito in these

experiments (i.e., compared to responses in Fig. 2) likely resulted solely from the different

cell densities in the two sets of experiments.

Finally, C12 caused equivalent reduction of redoxer resulting from leakage of roGFP from

the ER into the cytosol (Fig. 7C) in JME-lacZ and JME-CFTR cells.

Overall, these comparisons of caspase activation, Δψmito depolarization and reduction of

redoxer showed that CFTR played no significant role in controlling C12-activated apoptosis

events in CF (JME+LacZ) and CFTR-corrected CF cells (JME+CFTR).

PAO1wt but not PAO1lasI biofilms trigger C12-like changes in Δψmito and Cacyto in JME
cells

As shown in Fig. 8A, exposure of JME cells to established PAO1wt biofilms caused JC-1

fluorescence measured over the nucleus to increase up to a plateau; further increase in JC-1

fluorescence occurred following FCCP. These results were similar to the effects of adding

50 μM C12 to JME cells (Figs. 2 and 7). In contrast, PAO1ΔlasI biofilms had no detectable

effect on JC-1 fluorescence, while further addition of PAO1wt caused maximal increase in

JC-1 signal, i.e., there was no further effect of FCCP (Fig. 8B). These data were consistent

with the idea that C12 in PAO1 biofilms triggered depolarization of Δψmito in JME cells.

The data were also consistent with the idea that some other factor produced in biofilms may

synergize with C12 to trigger maximal depolarization of Δψmito in JME cells.

Similar experiments were performed to test biofilms on Cacyto in fura-2-loaded JME cells.

PAO1wt biofilms caused small, slow increases in fura-2 ratio (Fig. 9A), while PAO1ΔlasI

biofilms caused a decrease or had no effect on fura-2 ratio (Fig. 9B). The small changes

triggered by PAO1wt biofilms were roughly equal to the effects of 10 μM C12 (Fig. 4A).
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DISCUSSION

C12 triggers apoptosis; early events likely begin in the mitochondria and ER

A major conclusion from this study is that, in addition to causing disruption of structures of

ER and mitos and loss of cell viability (Kravchenko et al, 2006; Shiner et al, 2006), C12

rapidly triggers events associated with the intrinsic pathway leading to apoptosis:

depolarization of Δψmito and release of cytoC from mitos into the cytosol; activation of

caspases 3/7, 8 and 9; blebbing of plasma membranes; cell shrinkage; and condensation of

nuclei. Activation of the caspases occurred similarly to that stimulated by staurosporine, the

better characterized trigger of apoptosis (Eckenrode et al, 2010). In addition, C12 also

elicited changes in the ER: rapid release of Ca2+ followed by condensation/fragmentation

and leakage of roGFP and oxidized contents into the cytosol. The oxidation of the cytosol

and reduction of the ER that accompanied this leakage of ER contents into the cytosol

appeared often to occur before roGFP began leaking into the cytosol, indicating that C12-

triggered increases in ER permeability occurred gradually. The role of cytosolic oxidation

and leakage of large ER proteins into the cytosol in subsequent apoptotic steps are unknown,

but could, as proposed previously (Wang et al, 2011), provide a point of no return in

apoptosis, similar to release of cytoC from mitos. Previous work (Schwarzer et al, 2010)

showed that C12 did not cause cameleon D1 (60 kDa) to leak from the ER (Schwarzer et al,

2010), while roGFP (28 kDa) consistently leaked from the ER into the cytosol, consistent

with data showing that thapsigargin-triggered permeabilization of the ER had a size cut off

of 62 kDa (Wang et al, 2011).

Although still speculative, the effects of C12 on ER and mitos combined with previous

observations may provide a hint as to the molecular mechanism of C12 action. Previous

work showed that Bax and Bak inhibit (Oakes et al, 2005) and Bcl-2 and Bcl-xl stimulate

the IP3R (White et al, 2005; Oakes et al, 2005, Palmer et al, 2004). Bcl-2 and Bcl-xl also

inhibit the proapoptotic actions of Bax and Bak (Chipuk and Greeen 2008), which, upon

oligomerization, form large pores (Mikhailov et al, 2003; Perkins et al, 2009). Bax and Bak

appear also to control Δψmito (Wang, et al, 2000; Degterev et al, 2001; Milanesi et al, 2006).

Our current working hypothesis is that C12 disrupts interactions between Bax/Bak and

Bcl-2/Bcl-xl in both ER and mitos, freeing up Bcl-2 and Bcl-xl to interact with and activate

IP3R while also leading to oligomerization of Bax and Bak to permit loss of cytoC from

mitos and roGFP from the ER into the cytosol. This model would explain C12-induced rapid

increases in Cacyto and depolarization of Δψmito and slower increases in permeability of both

the ER and mitos to proteins. Downstream activation of caspases would follow release of

cytoC from mitos and of large proteins and oxidized contents from the ER into the cytosol.

This model is, of course, still a working hypothesis that does not fit all the data, e.g.

differences in Bax/Bak expression have been observed in CF vs CFTR-corrected cells

(Jungas et al, 2002).

C12 and biofilms in CF

Our experiments showed that key events associated with C12-triggered apoptosis were

unaffected by the expression of CFTR in JME cells: activation of caspase 3/7, depolarization

of Δψmito and reduction of redoxer. We conclude that C12-triggered apoptosis occurs
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similarly in CF and nonCF airway epithelia. Because C12 triggers cAMP production and

activation of CFTR (Schwarzer 2010), it is likely that CFTR will have been active in the

JME-CFTR cells but not in the JME-lacZ cells during exposure to C12 and activation of

apoptosis. In contrast, previous studies have found that wtCFTR expression decreases

apoptosis in multiple cell types (Gottlieb and Dosanjh 1996; Jungas et al, 2002; Boncoeur et

al, 2006; Keribiriou et al, 2009). A possible explanation for these different results is that

protection by CFTR is irrelevant during the rapid activation of apoptosis triggered by C12,

while activators like thapsigargin, oxidizers and cycloheximide that take longer to work (1–2

days) are inhibited by CFTR. Related possibilities are that C12 has unique proapoptotic

effects (e.g., release of ER contents and oxidation of the cytosol or Bax/Bak/Bcl) not

regulated by CFTR. Although CFTR appears not to play a role in regulating C12-triggered

apoptosis, CFTR may play a protective role against P. aeruginosa, arising from its

preventing P. aeruginosa infections and biofilm formation: both flagellin and C12 released

from P. aeruginosa will activate CFTR-dependent Cl− and fluid secretion into the airways

that may facilitate bacterial flushing (Illek et al, 2008). In CF individuals this P. aeruginosa-

induced flushing will be missing so bacteria will accumulate in the airway surface liquid,

leading eventually to biofilm formation.

Application of PAO1 biofilms to JME cells showed that the biofilms elicited lasI-dependent

effects on Cacyto and Δψmito that were similar to effects of 10–50 μM C12. The Cacyto

response triggered by PAO1wt biofilm was similar to that elicited by 10 μM C12, while the

Δψmito response was similar to that activated by 50 μM C12. These data were consistent

with the idea that C12 in PAO1wt biofilms was sufficient to trigger apoptosis-related events

in airway epithelial cells, though it is also possible that other differences between PAO1wt

and PAO1lasI biofilms contributed to the Cacyto and Δψmito responses. 10–50 μM is higher

than previous chemical measurements of [C12] in CF sputum (Erickson et al, 2002;

Chambers et al, 2005), indicating that [C12] may be higher in biofilms formed in CF airway

mucus, as proposed by Bjarnsholt and Givskov (2007). These higher [C12] could trigger

apoptosis in epithelial cells, macrophages and neutrophils in biofilm-infested airways. Such

effects could contribute to CF pathogenesis by both increasing bacterial binding and

retention in the airways (Lee et al, 1999) and also altering the normal balance between

apoptosis of neutrophils and their phagocytic removal by macrophages.

MATERIALS AND METHODS

Reagents

Unless otherwise specified, all reagents and chemicals were obtained from Sigma. C12 and

staurosporine were dissolved in DMSO and frozen in separate vials and then thawed for

single experiments. The cAMP-elevating agonist forskolin (Calbiochem) was prepared as a

20 mM stock solution in DMSO, and an aliquot was added at final concentrations of 2–50

μM. CFTR blocker CFTRinh172 was provided by Dr. Alan Verkman (University of

California, San Francisco), prepared as a 20 mM stock solution in DMSO, and added to

solutions at concentrations noted in the text. The Ca2+-ATPase blocker thapsigargin was

prepared as a 1 mM stock in DMSO and used at 1–5 μM.
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Epithelial cell culture

Cystic fibrosis airway cells JME/CF15, a continuous SV40 large T antigen-transformed

nasal epithelial cell line homozygous for ΔF508 CFTR (Jefferson et al, 1990; Hybiske et al,

2007), were cultured in DMEM:F12 media containing 10% FBS, 2mM L-glutamine, 1%

Pen/Strep, 10ng/ml EGF, μM hydrocortisone, 5μg/ml insulin, 5μg/ml transferrin, 30nM

triiodothyronine, 180μM adenine and 5.5μM epinephrine. For some experiments, cells were

passaged at 1:2 dilution, and the remaining cell suspension was seeded directly onto a 24-

well or 12-well tissue culture plate (BD Falcon, Bedford, MA), onto a 96-well plate for

caspase assays or onto coverglasses for imaging. Calu-3 cells, a human airway gland

epithelial cell line of adenocarcinoma origin and characterized by high levels of endogenous

CFTR expression (Haws et al, 1994; Shen et al, 1994), were cultured in ATCC Eagle’s

minimum essential medium supplemented with 10% FBS, and 1% penicillin-streptomycin.

Cells were grown on culture plates for caspase assays or seeded onto Snapwell inserts (0.4-

um pore size) and then grown until cells formed confluent monolayers (transepithelial

resistance > 500 ohm.cm2). During experiments, cells were incubated in Ringer’s solution

containing (in mM): 145 mM NaCl, 2 mM KCl, 1.5 mM K2HPO4, 1 mM MgSO4, 10 mM

HEPES, 2 mM CaCl2 and 10 mM glucose.

Adenovirus expression of lacZ or CFTR in JME cells

JME cells were split and plated on coverglasses or on culture plates for caspase assays, then

treated with adenovirus (adv, 100 MOI) to express either lacZ or wtCFTR, as described

previously (Hybiske et al, 2007). Cells were incubated with adv for a day, then cells were

washed to remove adv and allowed to grow for two more days before being used for

experiments. As shown previously, this procedure elicited expression in approximately 90%

of the cells (Hybiske et al, 2007).

Immunofluorescence of cytochrome C

JME or Calu-3 cells cells grown on coverglasses or filters as described in the text were left

untreated or incubated with C12 (50 μM) for times mentioned in the text; cells were then

rinsed three times with PBS, fixed for 5 min with 3.7% formaldehyde in PBS, rinsed with

PBS and permeabilized with 0.5% Triton X-100 (in PBS) for 15 min. After blocking with

1% BSA-PBS for 20 min, cells were incubated for 1 hr at room temperature with an anti-

cytochrome C antibody (Santa Cruz Biotech), followed with rinses with 1% BSA-PBS.

Finally, cells were incubated for 1 hr with an Alexa546-anti-rabbit secondary antibody

(Molecular Probes, Eugene, OR). Images were obtained using standard widefield

immunofluorescence imaging microcope (Nikon, Diaphot) or an inverted microscope

(Nikon T2000) with a spinning disk confocal attachment (Solamere, Salt Lake City, UT).

Measuring Cacyto and Δψmito using fluorescent probes and imaging microscopy

For imaging experiments to measure cytosolic [Ca] (Cacyto) or mito membrane potential

(Δψmito), cells were incubated with growth media containing either the Ca-sensitive probe

fura-2/AM (2–5 μM) for 40–60 mins or Δψmito probe JC-1 (10 μM) for 10 mins at room

temperature, and then washed three times with Ringer’s solution to remove the extra dye.

Dye-loaded cells were mounted onto a chamber on the stage of either a wide field imaging
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microscope or a spinning disk confocal imaging microscope. Cells were maintained at room

temperature during the experiment. Treatments with agonists were made by diluting stock

solutions into Ringer’s solution at the concentrations stated in the text.

Fluorescence ratio imaging measurements of Cacyto or Δψmito were performed using

equipment and methods reported previously (Fu et al., 2007; Hybiske et al., 2007;

Schwarzer et al., 2007). Briefly, a Nikon Diaphot inverted microscope was used with a 40×

Neofluar objective (1.4 NA) and a computer-controlled filter wheel (Lambda-10, Sutter

Instruments, Novato, CA) that provided selective excitation and emission. A CCD camera

collected emission images. For fura-2, excitation wavelengths were 350 ± 5 nm and 380 ± 5

nm, and emission was >510 nm. For JC-1, excitation was either 488 nm or 490 ± 10 nm and

emission was 520–560 nm. JC-1 emission was quantitated from measurements of the

nuclear region (observed as region with little or no JC-1 fluorescence). Axon Imaging

Workbench 4.0 (Axon Instruments, Foster City, CA) controlled filters and collection of data.

All images were corrected for background (region without cells). Data have been reported as

relative ratios. For fura-2, maximum and minimum ratios were generated at the end of each

experiment by treating cells with ionomycin (10 μM) + thapsigargin (5 μM) in solutions

containing zero Ca2+ (+ 1 mM EGTA) or 10 mM Ca2+. JC-1 ratios associated with maximal

depolarization of Δψmito were generated at the end of the experiment by treating cells with

10 μM FCCP.

ER morphology and redox potentials of the ER and cytosol

JME cells were transfected with a plasmid encoding redox-sensitive GFP (roGFP) targeted

to the ER lumen or to the cytosol to measure redox potentials in the ER or cytosol (redoxer

or redoxcyto). In some experiments, one batch of cells was transfected with cytosol-roGFP

and another batch with ER-roGFP, and these cells were then grown on one coverglass to

permit imaging both organelles at once. Confocal imaging to determine cellular and

organelle morphology was performed using the spinning disk attachment and 488 nm laser

(520–560 emission) and recorded using a CCD camera (Hamamatsu Orca) and in-house

software. Ratiometric imaging of roGFP was performed using the widefield imagimg

microscope described above. Cells were alternately excited at 385±5 nm and 474±5 nm, and

emission (>510 nm) images wee collected and analyzed. Images were background

subtracted, and normalized data were calibrated. At the end of experiments, 385/474 ratios

were recorded during maximal oxidation (with 10 mM H2O2) and maximal reduction (10

mM DTT), and these were used with a previously determined in situ calibration curve to

calculate redox potentials in the cytosol and ER (redoxcyto, redoxer) (Schwarzer et al, 2007).

Assays of caspases 3/7, 8 and 9

Caspase activities were measured by cell-based homogeneous luminescent assays for

caspases 3/7, 8 and 9 (Caspase-Glo, Promega, Madison, WI), in which specific substrates

that contain the tetrapeptide (DEVD for caspase 3/7, LETD for caspase 8 and LEHD for

caspase 9) were cleaved by the activated caspases from the cells to release aminoluciferin

reacting with the luciferase and resulting in the production of light. Calu-3 or JME cells

were plated on a clear-bottom, white 96-well plate in 100 μl media per well for 4–5 days

until they were confluent. During the experiment, cells were treated with different drugs in
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37°C incubator for 20–240 mins, depending on the experiment, or were left untreated as

controls. On the same plate, some wells without cells but 100 μl the same media served as

blanks. After treatment, 100 μl reagent was added to each well with cells (treated or

controls) and their media, or blank (media only). The plate was incubated at room

temperature for 1 hour on a shaker, and the end-point luminescence was measured in a plate-

reading luminometer (LmaxII 384, Molecular Devices, Sunnyvale, CA). Data were

background (blank) subtracted and averaged.

Pseudomonas aerguinosa biofilms

P. aeruginosa biofilms are cultivated on sterile Hybond nylon membranes (1 cm2) placed

onto LB plates and inoculated with an overnight culture of PAO1 wt or PAO1ΔlasI diluted

to an OD600 of 0.1. Agar plates were then incubated at 37°C for 48 hrs (Lynch et al, 2007)

to establish biofilms. As measured from colony counts, the biofilms grew to equivalent

densities, PAO1: 4.87±0.23×1010 CFU/biofilm and PAO1ΔlasI: 4.27±0.38×1010 CFU/

biofilm (p > 0.2). P. aeruginosa biofilms (PAO1 and PAO1ΔlasI) were applied to JME cells

grown separately by either inverting the nylon membrane onto the cells or by vortexing the

biofilms into Ringer’s solution (500 μl) and then adding 10 μl aliquots of this vortexed

biofilm to the 100 μl bathing the epithelial cells. Experiments measured Cacyto and ψmito of

confluent JME cells during exposure to PAO1 and PAO1ΔlasI biofilms. Results with the

two methods were similar.
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Fig. 1. Time dependent increase of caspases 3/7, 8 and 9 activities by C12
JME and CalLu-3 cells were grown on 12-well plates and exposed to C12 or staurosporine

(positive control), then processed for activities of caspase 3/7, 8 and 9. JME cells were left

untreated or exposed to C12 (50 μM) (A) or staurosporine (50 μM) (B), and activities of

caspases 3/7, 8 and 9 were measured after 0.5, 1, 2, and 4 hrs. C. Similar experiments were

performed on Calu-3 cells exposed to C12 (50 μM) for 2 hrs. Activities of caspases 3/7, 8

and 9 were expressed relative to untreated controls. Avg +/− SD (n = 2–9 expts for all

averages).
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Fig. 2. C12 depolarizes Δψmito
A. Confocal image (ex: 488 nm, em: 520–560 nm) of JC-1-stained JME cells shows

punctate staining in cytosol characteristic of mitos in control, untreated cells. Nuclei appear

as dark, nonfluorescent areas. B. Image of the same field after 10 mins with 50 μM C12.

Punctate staining was replaced by diffuse staining, including in the nuclei. C. Time course

of JC-1 fluorescence in the nucleus, which tracks loss of JC-1 from the mitos resulting from

depolarization of Δψmito. JC-1 signal was normalized by setting initial value in the nucleus

as zero and value after FCCP (10 μM) as 100%. D. Summary of effects of C12 (50 μM, 20

min) and FCCP (10 μM, 2 min) on change in nuclear JC-1 fluorescence (ΔJC-1) in JME

cells. Avg +/−SD (n = 6 expts, >10 cells in each experiment)..
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Fig. 3. C12 causes mitos to release cytoC into cytosol
Immunofluorescence of cytoC of JME (A, B) and Calu-3 (C, D) cells under control

conditions (A, C) and after treatment with 50 μM C12 for 1 hr (B, D). Results typical of six

similar experiments for each.
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Fig. 4. C12 increases Cacyto
Fura-2-loaded JME cells were treated with C12 1, 10 and 100 μM followed by thapsigargin

(10 μM, positive control for release from ER) (A) or with thapsigargin followed by 1, 10 and

100 μM C12 (B). Traces show average Cacyto for 10–20 cells, and are typical of four similar

experiments.
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Fig. 5. C12 causes release of ER-targeted roGFP into the cytosol
Cells were transfected with ER-targeted roGFP and observed in the confocal microscope

under control conditions (A) and after treatment with C12 (50 μM) for 45 (B) and 90 mins

(C). Cells in which roGFP had leaked from the ER and diffused into the cytosol and nucleus

are shown by arrows. Results typical of >10 similar.
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Fig. 6. C12 causes reduction of redoxer and oxidation of redoxcyto
JME cells were transfected separately with ER-targeted and cytosolic roGFP, and cells were

plated onto one coverslip for measurement of redoxer and redoxcyto, as described previously

(Schwarzer 2007). As shown by the solid line, C12 (10 μM) caused, after a delay of about

30 mins, redoxer to become reduced and redoxcyto to become oxidized; after about 60 mins,

redoxer and redoxcyto reached similar values. Data show the time course of responses to C12

for redoxcyto and redoxer from five cells each. Average values (+/− SD) for redoxer

(triangles) and redoxcyto (squares) are shown for control cells in the steady state and then

after 1 hr treatment with C12 (10 or 50 μM). Avg +/− SD, n = 6 expts, 47 cellular

measurements of redoxcyto and 67 cellular measurements of redoxer.
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Fig. 7. Similar effects of C12 on caspase (A), Δψmito (B) and redoxer (C) in JME and CFTR-
corrected JME cells
5JME cells expressing lacZ or CFTR (adenovirus infections) were grown on coverglasses or

well plates and exposed to C12 (50 μM) for times to 2 hrs. A. Activation of caspase 3/7 by

50 μM C12 was measured in JME-lacZ and JME-CFTR cells at t = 0, 20, 60 and 120 mins.

Avg +/− SD (n = 3) of caspase activity measured in RLU at each time point. * p < 0.05.

Other points were insignificantly different from each other. B. Time course of effect of C12

on Δψmito. JME-lacZ and JME-CFTR cells were loaded with JC-1, washed and then

exposed to C12 (50 μM, arrow). Nuclear fluorescence (expressed as percentage of maximal

JC-1 fluorescence observed during treatment with 10 μM FCCP at the end of the

experiment) increased rapidly in both JME-lacZ and JME-CFTR cells. Inset shows average

rates (+/− SD, n = 3) of C12-triggered decrease of JC-1 fluorescence in JME-lacZ and JME-

CFTR cells. There was no difference in these rates (p > 0.40). C. Time course of effect of

C12 on redoxer. JME-lacZ and JME-CFTR cells that had been transfected with ER-roGFP

were exposed to C12 (50 μM, arrows). C12 caused the ER redox potential (resulting from

reduction of oxidized environment experienced by ER-roGFP) to become reduced at the

same rate in JME-lacZ and JME-CFTR cells. The strong reductant DTT (1 mM) was added

Schwarzer et al. Page 21

Cell Microbiol. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



as shown to induce maximal reduction of the ER-roGFP ratio. Inset shows average rates (+/

− SD, n = 3) of C12-triggered decrease of ER-roGFP fluorescence ratio in JME-lacZ and

JME-CFTR cells. There was no difference in these rates (p > 0.09).
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Fig. 8. PAO1wt vs. PAO1lasI biofilms on Δψmito in JC-1-loaded JME cells
Biofilms were prepared by vortexing one biofilm-covered mesh into 500 μl of Ringer’s, and

then adding 10 μL of this suspension to the 100 μl of Ringer’s bathing the JC-1-loaded JME

cells. Fluorescence (ex: 490 nm, em: 520–560 nm) was measured over nuclei. A. PAO1wt

biofilm caused immediate increase of JC-1 fluorescence, and this was increased further by

FCCP (10 μM). B. PAO1ΔlasI biofilm did not affect JC-1 fluorescence, but further addition

of PAO1wt biofilm caused a large increase in JC-1 fluorescence that was not affected

further by FCCP (10 μM). Traces show average JC-1 fluorescence for >10 cells. Results

typical of three similar experiments for both PAO1wt and PAO1lasI.
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Fig. 9. PAO1wt vs. PAO1lasI biofilms on Cacyto in fura-2-loaded JME cells
Biofilms were prepared by vortexing one biofilm-covered mesh into 500 μl of Ringer’s, and

then adding 10 μL of this suspension to the 100 μl of Ringer’s bathing the fura-2-loaded

JME cells. Fluorescence ratios (ex: 350/380 nm, em: >510 nm) were measured and

expressed relative to maximum ratios measured at the end of the experiment. A. PAO1wt

biofilm caused immediate increase of fura-2 ratio. B. PAO1ΔlasI biofilm caused no increase

of fura-2 ratio. Traces show average fura-2 ratio for >10 cells. Results typical of four similar

experiments for both PAO1wt and PAO1lasI.
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