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Figure 1. Mucin synthesis and secretion from goblet cells. (A) Nonstarved and starved N2 cells were fixed and 
analyzed by immunofluorescence microscopy with an anti-MUC5AC antibody (green). The nuclear DNA was 
stained with DAPI (blue) to localize the position of the nucleus. (B) Dot blot of total lysates of nonstarved, starved 
N2 and HeLa cells were probed with anti-MUC5AC and anti-actin antibody. (C) The dot blots in (B) were quantified 
Figure 1. Continued on next page
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and normalized to actin levels. The y-axis represents relative values with respect to the values of nonstarved N2 
cells. Average values ± SEM are plotted as bar graphs (N = 3). (D) Nonstarved and 5 days starved N2 cells were 
lysed and total RNA was extracted for quantitative real-time PCR analysis. The values for MUC5AC mRNA levels 
were normalized to the values of the housekeeping gene HPRT1. The y-axis represents relative values with respect 
to nonstarved N2 cells. Average values ± SEM are plotted as bar graphs (N = 4). (E) Starved N2 cells were treated 
for 2 hr with 2 μM PMA. To detect the remaining intracellular mucin after PMA release, the secreted mucin was 
removed by DTT and trypsin treatment of the goblet cells prior to fixation (experimental procedures). After fixation, 
cells were permeabilized and examined by immunofluorescence microscopy with DAPI and an anti-MUC5AC 
antibody. Secreted MUC5AC was detected by fixing the secreted mucus directly on the cells after PMA treatment, 
followed by immunofluorescence microscopy using an anti-MUC5AC specific antibody.
DOI: 10.7554/eLife.00658.003

Figure 1. Continued
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Figure 2. Mucin secretion assay. (A) Illustration of the mucin secretion assay. Starved N2 cells are treated with PMA. Secreted MUC5AC is fixed on the 
cell surface and labeled with anti-MUC5AC antibodies followed by quantitative detection using HRP-conjugated secondary antibody. (B) Starved N2 
cells were treated for 2 hr ± 2 μM PMA, fixed with formaldehyde and the amount of secreted MUC5AC bound to the cell surface was detected with 
anti-MUC5AC antibody and measured by chemiluminescence. The values were normalized to values obtained for—PMA treatment. Average values ± 
SEM are plotted as bar graphs (N = 10). (C) Starved N2 cells were pretreated for 30 min with BAPTA-AM, Latrunculin A or Jasplakinolide and incubated 
at 37°C. After 30 min, 2 μM PMA was added containing the respective drugs (BAPTA-AM, Latrunculin A or Jasplakinolide) and incubated for 2 hr at 37°C. 
Cells were fixed and secreted MUC5AC was detected by chemiluminescence. The values were normalized to values obtained for −PMA treatment. 
Figure 2. Continued on next page
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Average values ± SEM are plotted as bar graphs (N = 10). Compared datasets were considered as statistically significant when p<0.01 (**) and p<0.0001 
(****). (D) Starved N2 cells were preincubated for 15 min with 2 μg/ml (+BFA) and incubated at 37°C. After 30 min, increasing concentrations of PMA 
were added in the presence or absence of 2 μg/ml BFA (+/− BFA) and incubated for 2 hr at 37°C. Cells were fixed and secreted MUC5AC was detected 
by chemiluminescence. The values were normalized to values obtained for −PMA treatment. Average values ± SEM are plotted as bar graphs (N = 5).  
(E) Starved N2 cells were incubated for 45 min with or without 2 μg/ml BFA (+/− BFA) at 37°C. After 45 min cells were fixed, permeabilized and  
examined by immunofluorescence microscopy with an anti-MUC5AC antibody (green), an anti-GRASP65 antibody (red) and DAPI (blue).
DOI: 10.7554/eLife.00658.004

Figure 2. Continued
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Figure 2—figure supplement 1. Time course for 
MUC5AC secretion. Starved N2 cells were treated 
for the indicated times with 2 μM PMA, fixed with 
formaldehyde and the amount of secreted 
MUC5AC bound to the cell surface was detected 
with anti-MUC5AC antibody and measured by 
chemiluminescence. The values were normalized 
to values obtained for −PMA treatment. Average 
values ± SEM are plotted as bar graphs (N = 6).
DOI: 10.7554/eLife.00658.005
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Figure 3. Identification of proteins required for MUC5AC secretion. (A) Screening procedure. N2 cells were serum starved for 6 days. The cells were then 
seeded into the wells of 96-well plates and transfected in triplicates on three sets of plates with siRNAs directed against 7343 components. 3 days after 
transfection, the cells were treated for 2 hr with 2 μM PMA and analyzed by an automated chemiluminescence assay for the detection of secreted 
MUC5AC. (B) The B-score of each gene product tested was calculated using the triplicate measurements of the chemiluminescence values. All siRNAs 
that altered secretion with a B-score less than −1.5 (hyposecretory) and higher than 1.5 (hypersecretory) were selected as positive hits for further analysis. 
−PMA (lower red line) and +PMA (upper red line) indicate mock treated controls without PMA (−PMA) and with 2 μM PMA (+PMA). (C) Flowchart 
depicting screen for PIMS and validation process. From the initial collection of 7343 siRNAs, 413 were classified as hyposecretory and 534 as hypersecre-
tory hits (Supplementary file 1). From this pool we further selected 114 hyposecretory and 155 hypersecretory components (Supplementary file 1).  
A second validation screen with siRNAs distinct from the primary screen confirmed 29 proteins that gave a MUC5AC hyposecretory phenotype and 5 
with a hypersecretory secretory defect (Table 1).
DOI: 10.7554/eLife.00658.006
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Figure 3—figure supplement 1. PIMS are not required for constitutive secretion of newly synthesized proteins. N2 cells were starved for 6 days and 
transfected with the corresponding siRNA on day 6. The cells were grown for 3 additional days, pulsed with 35S-methionine and chased with cold 
methionine-containing medium. The medium was collected and analyzed by SDS-PAGE followed by autoradiography. Treatment with BFA during the 
pulse and chase was used as positive control to score effects on the secretion of newly synthesized proteins.
DOI: 10.7554/eLife.00658.007
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Figure 4. Expression profile of PIMS. (A) Total RNA was extracted from nonstarved- and 5-day starved N2 cells.  
1 μg of total RNA was used to generate cDNA by reverse transcription. PCR was performed on cDNA with primers 
specific for the indicated genes and PCR products were analyzed by agarose gel electrophoresis. (B) Results in  
(A) were quantified and values were normalized to the housekeeping gene GAPDH. The y-axis represents relative 
values of starved compared to nonstarved N2 cells. Average values ± SEM are plotted as bar graphs (N = 3). 
Compared datasets were considered as statistically significant when p<0.05 (*), p<0.01 (**), p<0.001 (***) and 
p<0.0001 (****). Abbreviations: R1: replicate 1; R2: replicate 2; R3: replicate 3; RT-: reverse transcription without 
reverse transcriptase.
DOI: 10.7554/eLife.00658.009
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Figure 5. TRPM5 in mucin homeostasis. (A) Total RNA was extracted from control and TRPM5 stable knockdown (TRPM5 KD) cells and analyzed for 
knockdown efficiency of TRPM5 on mRNA level by quantitative real-time PCR using primers specific for TRPM5. TRPM5 values were normalized to values 
of the housekeeping gene GAPDH. The knockdown of TRPM5 is represented as relative value compared to control cells. Results are means ± SEM.  
(N = 5). (B) Control and TRPM5 stable knockdown cells were starved for 6 days and seeded on 96-well plates. At day 9, cells were treated with increasing 
concentrations of PMA for 30 min and analyzed by chemiluminescence using anti-MUC5AC antibody. After the mucin secretion assay these cells were 
stained with DAPI and imaged by fluorescence microscopy. Nuclei were counted using ImageJ and the chemiluminescence value for MUC5AC of each 
well was normalized to the number of nuclei per well. The y-axis represents relative values with respect to the values of control cells not treated with 
PMA. Average values ± SEM are plotted as bar graphs (N = 5). Datasets were considered as statistically significant when p<0.0001 (****). (C) N2 cells 
were starved for 6 days and seeded for dot blot analysis. At day 9 cells were lysed and analyzed by dot blot with an anti-MUC5AC and anti-actin 
antibody. The intensity of the spots was quantified using ImageJ. Intensities of MUC5AC spots were normalized to the intensity of actin spots. Results 
are means ± SEM. (N = 6). (D) Control and TRPM5 stable knockdown cells were differentiated by starvation. After starvation cells were fixed, permeabi-
lized and analyzed by immunofluorescence microscopy with an anti-MUC5AC antibody (red) and DAPI (blue). Cells shown in green represent expression 
of GFP, showing that these cells express shRNA specific for TRPM5 and are depleted of TRPM5.
DOI: 10.7554/eLife.00658.011
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Figure 6. TRPM5 localization and activity. (A) Nonstarved and starved N2 cells stably transfected with HA-TRPM5 
were fixed and analyzed by immunofluorescence microscopy with an anti-HA antibody (green) and an anti-
MUC5AC antibody (red). The nuclear DNA was stained with DAPI (blue) to localize the position of the nucleus.  
(B) Ramp current-voltage relations of cationic currents recorded from a starved N2 cell dialyzed with internal 
solutions containing 1 μM Ca2+ and bathed in Na+-containing or Na+-free solutions. A ramp current obtained  
in a cell dialyzed with internal solutions containing 0 Ca2+ and bathed in Na+-containing is also shown.  
(C) Representative ramp current-voltage relations of cationic currents recorded from a control and TRPM5-
depleted N2 cells dialyzed with internal solutions containing 1 μM Ca2+ and bathed in Na+-containing solutions.  
(D) Mean TRPM5-like current density recorded at ±100 mV from control (n = 6) and TRPM5 KD cells (n = 8). * p<0.05.
DOI: 10.7554/eLife.00658.012
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Figure 7. TRPM5 modulates ATP-induced MUC5AC secretion. (A) Control and TRPM5 stable knockdown cells were 
starved and incubated for 30 min at 37°C with 100 μM ATP. Secreted MUC5AC was collected and processed for dot 
blot analysis with an anti-MUC5AC antibody. The dot blots were quantified and normalized to intracellular actin 
levels. The y-axis represents relative values with respect to the values of untreated control cells. Average values ± 
SEM are plotted as bar graphs (N = 6). Datasets were considered as statistically significant when p<0.01 (*).  
(B) Starved N2 cells were incubated for 30 min at 37°C with 100 μM ATP in the presence (1.2 mM CaCl2) or absence 
(0 mM CaCl2) of extracellular Ca2+. Secreted MUC5AC was collected and analyzed by dot blot with an anti-
MUC5AC antibody. The dot blots were quantified and normalized to intracellular actin levels. The y-axis represents 
relative values with respect to the values of untreated N2 cells in the presence of 1.2 mM CaCl2. Average values ± 
SEM are plotted as bar graphs (N = 3). Datasets were considered as statistically significant when p<0.001 (***).
DOI: 10.7554/eLife.00658.013
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Figure 7—figure supplement 1. Ca2+ dependent 
MUC5AC secretion. Starved N2 cells were treated 
for 30 min with the indicated concentrations of 
thapsigargin and ionomycin. Secreted MUC5AC 
was collected and processed for dot blot analysis 
with an anti-MUC5AC antibody. The dot blots 
were quantified and normalized to intracellular 
β-tubulin levels. The Y-axis represents relative 
values with respect to the values of untreated cells. 
Average values ± SEM are plotted as bar graphs 
(N = 6). Datasets were considered as statistically 
significant with the following p values: Untreatedt 
vs 1 μM thapsigargin, p<0.0001 (****); untreated vs 
1 μM ionomycin, p<0.0001 (****); thapsigargin vs 
ionomycin, p<0.01 (**)
DOI: 10.7554/eLife.00658.014
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Figure 8. TRPM5 modulates ATP-induced Ca2+ entry. (A) Time course of mean Ca2+ responses (Fura-2 ratio) 
obtained in starved N2 cells treated with 100 μM ATP in the presence (n = 138) or absence of 1.2 mM Ca2+ (n = 118) 
Figure 8. Continued on next page
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in the extracellular solution. Right panel, average peak [Ca2+] increases obtained from traces shown in the right 
panel. *p<0.01. (B) Time course of mean Ca2+ responses (Fura-2 ratio) obtained in starved control (n = 179) and 
TRPM5 KD N2 cells (n = 163) treated with 100 μM ATP. Right panel, average peak [Ca2+] increases obtained from 
traces shown in the right panel. *p<0.01. (C) Time course of mean Ca2+responses (Fura-2 ratio) obtained in starved 
control (n = 118) and TRPM5 KD N2 cells (n = 89) treated with 100 μM ATP and bathed in Ca2+-free solutions. Right 
panel, average peak [Ca2+] increases obtained from traces shown in the right panel. *p<0.01.
DOI: 10.7554/eLife.00658.015

Figure 8. Continued
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Figure 9. Effect of inhibiting the NCX on MUC5AC secretion and Ca2+ entry. (A) Starved N2 cells were  
preincubated for 15 min with or without KB-R7943 (50 μM) followed by incubation with 100 μM ATP in the presence 
or absence of KB-R7943. Secreted MUC5AC was analyzed by dot blot with an anti-MUC5AC antibody. The dot blot 
was quantified and normalized to intracellular tubulin amount. The y-axis represents relative values with respect  
to values of untreated control cells. Average values ± SEM are plotted as bar graphs (N = 6). Datasets were 
considered as statistically significant when p<0.01 (**). (B) Time course of mean Ca2+ responses (Fura-2 ratio) 
obtained in starved control (n = 84) and TRPM5 KD N2 cells (n = 83) treated with 100 μM ATP in the presence of  
50 μM KB-R7943. Right panel, average peak [Ca2+] increases obtained from traces shown in the right panel.
DOI: 10.7554/eLife.00658.016
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Figure 9—figure supplement 1. Voltage-gated Ca2+ channels are not expressed or functional in N2 cells.  
(A) Current traces (bottom) obtained in a starved N2 cell held at −80 mV and pulsed from −60 mV to +60 mV in 5 
mV voltage steps (top). Traces are representative of six cells recorded under identical conditions. None of the 
recorded cells presented voltage-gated Ca2+ currents. (B) Lack of Ca2+ response (Fura-2 ratio) in starved control N2 
cells exposed to high K+ solutions. Mean ± SEM, n = 43. (C) Left, time course of mean Ca2+ responses (Fura-2 ratio) 
obtained in starved control N2 cells treated with 100 μM ATP in the absence (n = 35) or presence (n = 48) of the 
voltage-gated Ca2+ channel blocker nifedipine (100 μM). Right panel, peak [Ca2+] increases obtained from traces 
shown in the right panel.
DOI: 10.7554/eLife.00658.017
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