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Abstract 

 

Retromer is a multimeric protein complex that mediates intracellular receptor sorting. 

One of the roles of retromer is to promote transcytosis of the polymeric immunoglobulin 

receptor (pIgR) and its ligand polymeric immunoglobulin A (pIgA) in polarized epithelial 

cells. In Madin-Darby Canine Kidney (MDCK) cells, overexpression of Vps35, the retromer 

subunit key for cargo recognition, restores transcytosis to a pIgR mutant that is normally 

degraded. Here we show that pIgA transcytosis was not restored in these cells when treated 

with the specific phosphoinositide 3-kinase (PI3K) inhibitor LY294002. Likewise, the 

decrease in pIgA transcytosis by wild-type pIgR seen upon PI3K inhibition was not reverted 

by Vps35 overexpression. PI3K inhibition reduced membrane association of sorting-nexins 

(SNX) 1 and 2, which constitute the retromer subcomplex involved in membrane 

deformation, while association of the Vps35-Vps26-Vps29 subcomplex, involved in cargo 

recognition, remained virtually unaffected. Colocalization between the two retromer 

subcomplexes was reduced upon the treatment. Whereas the interaction among the subunits of 

the Vps35-Vps26-Vps29 subcomplex remained unchanged, less Vps35 was found associated 

with pIgR upon PI3K inhibition. In addition, colocalization of internalized pIgA with subunits 

of both retromer subcomplexes throughout the transcytotic pathway was substantially reduced 

by LY294002 treatment. These data implicate PI3K in controlling retromer’s role in pIgR-

pIgA transcytosis. 

 

 

Keywords: MDCK, receptor, pIgR, transcytosis, retromer, Vps35, sorting-nexin, 

phosphoinositide, phosphatidylinositol, LY294002 
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Introduction 

 

Epithelial cells have apical and basolateral plasma membrane domains that are 

morphologically and functionally differentiated and separated by specialized cell-cell 

junctions. A highly organized membrane traffic network allows proper distinction of these 

plasma membrane domains [1]. Newly synthesized plasma membrane proteins are first sorted 

in the trans-Golgi network for delivery to the apical or basolateral surface. Proteins can then 

be endocytosed from one surface and recycled back to that surface, be degraded in the 

lysosomes, or transcytosed to the opposite cell surface. As the cell has to transport cargo 

selectively by transcytosis across two different environments, proper sorting of proteins along 

this pathway is essential for maintaining cell polarity [2]. Transcytosis of the polymeric 

immunoglobulin receptor (pIgR), which transports polymeric immunoglobulin A (pIgA) 

across epithelia, has been extensively studied in hepatocytes, enterocytes and Madin-Darby 

Canine Kidney (MDCK) cells stably expressing pIgR. In these cell types, pIgR binds pIgA at 

the basolateral plasma membrane and is transcytosed through various intracellular 

intermediates to the apical surface. Once at the apical plasma membrane, the ligand-binding 

portion of pIgR is cleaved off and released together with the ligand into the apical lumen, 

where it will perform antigen exclusion [2, 3]. 

Receptor sorting at the endosomal compartment is thought to be mediated by 

interactions of the receptor’s cytosolic domain with peripheral membrane proteins or protein 

complexes. A remarkable example of these sorting events is performed by a multimeric 

protein complex termed retromer. In analogy to its role first proposed in yeast [4, 5], retromer 

performs endosome-to-Golgi retrieval of the cation-independent mannose 6-phosphate 

receptor (CI-MPR) in mammalian cells, once delivery of lysosomal hydrolases by the 

receptor has been completed [6-8]. We previously found that retromer also associates with 
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pIgR and promotes transcytosis of pIgR-pIgA in polarized MDCK cells. This led us to the 

hypothesis that retromer could be performing an analogous role in this system as for CI-MPR 

retrieval, preventing missorting to lysosomes and degradation of pIgR-pIgA [9]. The recent 

understanding of retromer’s involvement in protein trafficking in multicellular organisms has 

led to the proposal that there are multiple recycling or retrieval pathways for endosomal cargo 

(reviewed in [8, 10]) 

Based on early studies in the yeast model, retromer assembly and functioning involves 

the cooperation of two subcomplexes. One subcomplex consists of two sorting-nexins 

(SNXs), Vps5p and Vps17p, which self-assemble and cooperate for membrane deformation 

and coat formation [4, 11, 12]. The second subcomplex consists of Vps35p, Vps29p and 

Vps26p. Of these subunits, Vps35p provides cargo specificity and associates directly with 

cargo proteins [13, 14]; Vps29p serves a catalytic role, activating Vps35p and promoting its 

oligomerization [4, 5]; and Vps26p promotes or stabilizes the interaction between the SNXs 

subcomplex and the cargo-selective Vps35p, and may also contribute to Vps35p membrane 

association [15]. There is evidence that retromer assembles in a similar way in higher 

eukaryotes, with Vps35 serving as the platform for complex formation [16, 17]. Vps35 also 

associates directly with cargo in mammalian systems [6]. Indeed, recent data from structural 

and binding studies has provided valuable information on the protein-protein interaction sites 

among retromer subunits and on how the subunits are integrated within the retromer complex 

[17-19]. However, important aspects on regulation of retromer at a cellular level remain to be 

carefully studied. That is, what regulates retromer’s assembly and association to membranes, 

and how these processes affect retromer’s sorting function? In yeast, retromer’s recruitment 

and activation require phosphoinositide 3-kinase (PI3K) activity and formation of a specific 

pool of phosphatidylinositol (PI) 3- phosphate [20]; a similar role for PI lipids in ensuring 

proper membrane association of retromer has also been proposed in mammalian cells [6, 21]. 
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These data, as well as previous work implicating the PI3K pathway on pIgR transcytosis [22, 

23], prompted us to analyze the regulation of retromer’s role in pIgR-pIgA transcytosis by 

PI3K. 

 

Materials and Methods 

 

Cell culture, transfection, adenoviral infection and treatment with LY294002 –

Polarized MDCK II cells and transfectant derivates were maintained in MEM 10 % FBS, 

including Earle’s salts, L-Gln and L-Met. Unless otherwise specified, cells were grown on 

Transwell polycarbonate filters of 12 mm diameter and 0.4 µm pore size (Corning-Costar, 

Cambridge, MA). The cell line stably expressing wild-type pIgR (pIgR-WT) and the 

tetracycline transactivator (tTA) [24], also available from Clontech Laboratories (Palo Alto, 

CA), and the cell line expressing the mutant pIgR∆670-707 [25] have been reported. 

The 5’-myc-tagged cDNA constructs for expression of full-length human SNX2 and 

Vps35 have been described [16]. For transfection, MDCK pIgR-WT cells [26] were plated on 

12-well plates at 150,000 cells / well and transfected after 24 h with 1 µg DNA construct 

using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. For stable expression of myc-hSNX2, cells were transfected and grown in 

selective medium containing 0.7 mg / ml Geneticin (G418) sulfate (Invitrogen). Positive 

clones were screened for myc-SNX2 expression by western blot and immunofluorescence, 

and the proper distribution of cell surface markers was analyzed as previously described [9]. 

Recombinant adenoviruses encoding myc-hVps35 or the tTA were produced 

previously and infections were performed under a tetracycline repressible system as described 

[9]. As quantitated from western blots, lysates of cells induced for 16 h in the absence of 
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doxycycline show ≥ 5-fold Vps35 overexpression over those of control cells (repressed with 

the antibiotic). 

LY294002 was purchased from Sigma-Aldrich (St. Louis, MI), dissolved at 25 mM in 

DMSO as a stock and stored at –20oC. Incubations were for 30 min at the indicated 

concentration. An equivalent volume of the solvent was added in the cell culture media of 

untreated cells. In experiments involving internalization of pIgA (radiolabeled or not), the 

inhibitor was kept throughout a 10 min pulse with basolateral pIgA and during chase in 

ligand-free medium. 

Antibodies – Rabbit polyclonal antibodies anti-human Vps35, Vps26, Vps29, SNX1, 

and SNX2 have been described [16]. Antibodies against pIgR were a sheep polyclonal to the 

receptor’s secretory component (prepared by us), and a mouse monoclonal to the receptor’s 

cytoplasmic tail, SC166 (a gift from J-P Kraehenbuhl, ISREC, Lausanne, Switzerland). 

Human pIgA was provided by J-P Vaerman (UCL, Brussels, Belgium). Other primary 

antibodies used are commercially available. These were a rabbit polyclonal against Akt 

phosphorylated at Ser473 (P-AKT) (Cell Signaling Technology, Beverly, MA), a mouse 

monoclonal against early endosome antigen 1 (EEA1) (Transduction Laboratories, Lexington, 

KY), a mouse monoclonal to actin (Boehringer Mannheim, Indianapolis, IN), and a mouse 

anti-myc tag monoclonal generated from 9E10 hybridoma (ATCC, Manassas, VA). 

Secondary antibodies HRP-conjugated for western blot, and the secondary to human IgA 

TRITC-conjugated for immunofluorescence, were from Jackson ImmunoResearch 

Laboratories (West Grove, PA); Alexa-conjugated antibodies for immunofluorescence were 

from Molecular Probes (Eugene, OR). 

Isolation of membrane and cytosol fractions – All steps were done at 4oC. MDCK 

cells were grown to confluence on 6 cm plates and scrapped in 1 ml homogenization buffer, 

which contained 10 mM triethanolamine, 8.24 % sucrose, 1 mM EDTA, 10 mM NaF, 1 mM 
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Na3VO4 and a cocktail of protease inhibitors (0.4 mM AEBSF, 307 nM aprotinin, 10.5 µM 

leupeptin, 2.8 µM E64 and 3.19 mM benzamidine). The cell suspension was left on ice for 15 

min, transferred into a 2 ml Teflon-glass homogenizer and thoroughly homogenized (25 

strokes); trypan blue staining confirmed > 70 % cell breakage. The homogenate was spun 5 

min at 1,000 g to obtain a post-nuclear supernatant. The supernatant was transferred into a 

microfuge polyallomer tube and spun at 125,000 gav for 1h in a Beckman TLA-55 fixed angle 

rotor, to separate a membrane pellet (resuspended in 50 µl 1 % SDS – H2O) from the soluble 

cytosolic fraction. Starting from ~ 2 mg homogenate protein, ~ 250 µg membrane protein and 

~ 700 µg cytosol protein were obtained. 

Co-immunoprecipitation and western blot analysis – All steps were done at 4oC. 

Immunoprecipitation of pIgR was performed using the sheep polyclonal antibody as 

described [9]. Slight modifications were done to immunoprecipitate retromer. Briefly, MDCK 

cells were grown to confluence on 6 or 10 cm dishes and lysed in ~ 40 µl Lysis Buffer (0.5 % 

NP-40, 20 mM Tris at pH 7.4, 100 mM NaCl, 0.5 mM EDTA, and protease inhibitors as 

above) / cm2 of plate surface. Each immunoprecipitation was performed with ~ 0.75 mg 

protein (0.5 ml lysate), after clearing the lysate by centrifugation for 15 min at 16,000 g. The 

supernatant was transferred to a tube containing 10 µl protein A-Sepharose beads coupled to 

the anti- Vps26 antibody (~ 5 µg IgG per sample) and immunoprecipitated for 1 h. In some 

experiments, the antibody was chemically cross-linked to the beads with dimethyl 

pimelimidate (Pierce Biotechnology, Rockford, IL). Beads were pelleted, washed 3 X in Lysis 

Buffer, once in Lysis Buffer without NP-40, and processed for western blot. The degree of 

association between proteins was calculated as described [9].  

Protein concentration of samples for SDS-PAGE and western blotting analysis was 

determined by the bicinchoninic acid assay (Pierce). Protein bands were visualized by 
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enhanced chemiluminescence in an ImageQuant ECL imager and band intensities quantitated 

using the ImageQuant TL software (GE Healthcare Bio-sciences, Piscataway, NJ). 

Internalization of pIgA, immunofluorescence and confocal microscopy analysis – 

Uptake of human pIgA, processing of cells for immunofluorescence and image analysis were 

performed essentially as described [9]. Images were taken in a Leica TCS-SP2-AOBS 

confocal microscope. Measurements of endosomal size were performed using the Leica 

Confocal Software (LCS). For each treatment, four representative areas were taken at high 

magnification and a total of ~ 350 endosomes per treatment were analyzed. The LCS was also 

used to determine percentage of protein colocalization. To quantitate colocalization between 

pIgA and retromer, we analyzed 80-100 structures loaded with internalized pIgA from two 

pictures of each representative plane of the cell, subapical (at the level of tight junctions), at 

the nucleus level, and basolateral. The relative presence of a retromer subunit in each of these 

pIgA-positive structures was evaluated by calculating the ratio of mean energy units / pixel 

between each fluorescence channel and plotting this value as percentage of colocalization. We 

considered SNX2 as representative of the SNXs and Vps26 as representative of the Vps35-

Vps26-Vps29 retromer subcomplex since immunofluorescence staining using the 

corresponding antibodies displayed well-defined vesicular patterns. To quantitate 

colocalization between subunits of the two retromer subcomplexes, an analogous procedure 

was followed by analyzing 80-100 structures positive for myc-hSNX2 and determining the 

relative presence of Vps26 in each of these structures. 

Transcytosis assay – The assay for 125I-pIgA transcytosis has been previously 

described [27]. Calculated from the total radioactivity incorporated in each sample, the data 

was plotted as percentage of ligand apically delivered, basolaterally recycled or degraded, the 

latter, equivalent to the counts remaining in the supernatant after TCA precipitation. 
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Results 

 

PI3K inhibition reduces pIgR-pIgA transcytosis even if the pathway is promoted 

by Vps35 overexpression – We previously found that the Vps35-Vps26-Vps29 retromer 

subcomplex associates with pIgR and promotes transcytosis of pIgR-pIgA in polarized 

MDCK cells [9]. To investigate whether PI3K controls the retromer’s role in pIgR-pIgA 

trafficking, we tested the effect on pIgA transcytosis of the specific PI3K inhibitor LY294002 

[28]. We first determined the smallest dose of the inhibitor that will abrogate appreciable 

PI3K activity by analyzing the effect of various concentrations of LY294002 on 

dephosphorylation of protein kinase B (PKB/Akt), a major downstream PI3K target [29]. As 

quantitated from western blots using an anti-P-AKT antibody, 30 min incubation with 10 µM 

LY294002 was sufficient to decrease cytosolic Akt phosphorylation by 86 %, and virtually no 

P-Akt was left at 50 µM (99 % reduced) and beyond (Fig. 1a). To evaluate such effect at the 

level of intracellular membranes, we also analyzed membrane depletion of EEA1, a well-

known Rab5 effector whose association with endosomes requires PI3K activity [30]. 

Concentrations of inhibitor at 10 µM or lower did not markedly affect EEA1 association with 

membranes (not shown). However, incubations at 20, 50 and 100 µM LY294002 for 30 min 

depleted EEA1 from membranes by 45, 59 and 80 %, respectively (Fig. 1b, upper panel). 

Actin, used as a loading control, remained in a constant cytosol / membrane ratio under all 

concentrations used (Fig. 1b, lower panel). Incubation with LY294002 for longer than 30 min 

did not result in further inhibition, as measured by either cytosolic AKT dephosphorylation or 

EEA1 membrane depletion (data not shown). We therefore chose this period of incubation for 

all experiments. 

PI3K inhibitors have been shown to increase endosome size [31], probably by 

affecting membrane trafficking from endosomes [32] and by inhibiting inward vesiculation 
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for multivesicular body formation [33]. On the other hand, EEA1 depleted endosomes are 

unable to fuse in vitro [34]. To evaluate these effects in our system, we measured the size of 

EEA1 immunostained endosomes in cells treated with different concentrations of LY294002. 

In spite of the redistribution to cytosol seen by western blot (Fig. 1b), EEA1 vesicular staining 

was not seen dramatically affected under the various concentrations of inhibitor tested (Fig. 

2a). However, with 100 µM LY294002, less and larger EEA1 labeled endosomes were 

observed (arrowheads), some of them appearing blurry (asterisks), perhaps as a result of the 

loss of this endosomal marker from membranes as well as to a redistribution to certain 

endosome subdomains (Fig. 2a). At 10 µM, EEA1 positive endosomes increased their 

diameter by only 4 % in average (n ~ 350; p = 0.01). Up to 50 µM, this percentage did not 

consistently go up, but we measured an average 70 % increase in size at 100 µM (p < 0.0001), 

the highest concentration tested (Fig. 2b). This morphologic analysis indicates that general 

effects on endosome dynamics were minimal under the protocol that we used to inhibit PI3K, 

although such effects could become significant at high concentrations of the inhibitor. We 

therefore performed a dose-response experiment to determine the effect on pIgA transcytosis 

testing a low (10 µM) and a moderate (50 µM) concentration of the inhibitor; we found 

practically no effect with 10 µM, but transcytosis went from 69 % down to 57 % with 50 µM 

LY294002 after a 60 min chase (Fig 3a). A parallel increase of basolaterally recycled (from 9 

% to 13 %; not shown) and degraded ligand (from 10 % to 17 %; Fig 3a) was also measured 

throughout this period of time. This inhibitory tendency agrees with previously published data 

showing that wortmannin, another commonly used PI3K inhibitor, inhibits pIgA transcytosis 

[22, 23]. 

We have shown that transient overexpression of myc-hVps35 in MDCK cells by 

adenovirus-mediated gene transfer under a tetracycline repressible system increases pIgR-

pIgA transcytosis [9]. We then tested the effect of PI3K inhibition on pIgA transcytosis in 
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adenovirus-induced cells. Here, the decrease of ligand transcytosis was somewhat lower, 

albeit apparent, going from 73 % down to 65 % when using the inhibitor at 50 µM (Fig. 3b). 

Although ligand recycling barely changed (it went from 7 % to 9 %; not shown), degradation 

still increased noticeably (from 10 % to 15 %; Fig. 3b). Thus, Vps35 overexpression only 

partially prevented LY294002 inhibition of pIgA transcytosis, indicating that overexpressed 

Vps35 cannot bypass the requirement of PI3K activity. 

Transcytosis of pIgA by pIgR∆670-707 is not restored by Vps35 overexpression 

when PI3K is inhibited – In MDCK cells expressing a pIgR mutant with an internal deletion 

in its cytoplasmic tail (MDCK-pIgR∆670-707), most of pIgA is degraded and less than 5 % is 

transcytosed [25]. In these cells, 50 µM LY294002 reduced ligand degradation from 76 % 

down to 47 % (Fig 4c), likely a result of affected lysosomal function, as described [32, 35, 

36]. The endocytosis rate was unchanged (not shown) and transcytosis remained almost 

undetectable (Fig 4a). However, basolateral recycling went up from 9 % to 38 % in treated 

cells (Fig 4b), suggesting that PI3K is not necessary for pIgA recycling or that PI3K inhibits 

recycling. 

We have shown that Vps35 overexpression markedly increases transcytosis in MDCK-

pIgR∆670-707 cells [9]. Similarly, we show here that pIgA transcytosis goes from ~ 0 % up to 

24 % upon Vps35 overexpression (Fig. 4a). Strikingly, PI3K inhibition reduced this positive 

effect, leaving the percentage of transcytosed ligand at 2 %, i.e. resembling that in uninduced 

control cells (Fig. 4a). While ligand degradation remained almost unchanged when inhibiting 

PI3K (Fig 4c), basolateral recycling still went up from 11 % to 26 % (Fig 4b), and this 

difference mostly accounted for the sharp reduction observed in apical delivery. These data, 

along with the assays above using pIgR-WT, implicate PI3K in the regulation of retromer’s 

role in pIgA transcytosis. 
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Membrane association and assembly of the retromer subcomplexes is regulated 

independently – Our interpretation of these results is that decrease of PI 3-phosphates by 

PI3K inhibition reduces the efficiency of SNXs association to membranes, and hence of 

retromer assembly [6, 20, 21], thereby affecting retromer’s role in pIgR-pIgA transcytosis. 

We tested this directly by analyzing a possible redistribution of retromer subunits to the 

cytosol caused by PI3K inhibition (Fig. 5a). Quantitation of western blots indicates a clear 

tendency of SNXs depletion from membranes in the presence of LY294002. However, none 

of the subunits of the Vps35-Vps26-Vps29 subcomplex showed a marked decrease in 

membrane association, perhaps with the exception of Vps35, which levels changed slightly 

(Fig. 5b). Nevertheless, the differences found in Vps35 levels were not statistically significant 

under the various concentrations of the inhibitor tested (p = 0.40 and p = 0.44, respectively, 

for 50 µM and 100 µM LY294002 vs. the untreated control; n = 4). Thus, while SNXs 

association to membranes was affected by PI3K inhibition, association and supposedly 

assembly of the Vps35-Vps26-Vps29 subcomplex was not. 

To address the interaction in vivo among these subunits, we attempted to 

immunoprecipitate the retromer complex. As quantitated from western blots, 29 % Vps35 and 

77 % Vps29 were found complexed with Vps26, indicative of a tight association among the 

subunits of the Vps35-Vps26-Vps29 subcomplex. However, SNX1 or SNX2 were not 

detected in these immunoprecipitates (Fig. 6a), may be as a consequence of weak or transient 

interactions between the two subcomplexes. To analyze a possible involvement of PI3K in 

establishing or maintaining these interactions, we compared the relative association among 

retromer subunits in cells treated with 50 µM LY294002 with that in untreated cells. No 

differences were found in the stoichiometry of the interactions among the subunits of the 

Vps35-Vps26-Vps29 subcomplex (Fig. 6b). Vps35 overexpression had no effect on these 

associations, and in all cases both SNX1 and SNX2 remained undetected in the 
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immunoprecipitates (not shown). Altogether, these data emphasize the idea that membrane 

association and assembly of the two retromer subcomplexes undergo an independent 

regulation. Thus, a complete association of both subcomplexes to the membrane is not 

required for assembly of the Vps35-Vps26-Vps29 subcomplex, but appears necessary for 

efficient cargo sorting. 

PI3K inhibition alters the association between the two retromer subcomplexes 

and between retromer and cargo – Inhibition of PI3K by LY294002 differentially affected 

membrane association of the SNXs and the Vps35-Vps26-Vps29 subcomplex (Fig. 5). It 

seems therefore possible that the lack of PI 3-phosphates actually prevents association of 

retromer onto appropriate endosome locations. To study this possibility, we used MDCK cells 

stably expressing myc-hSNX2 and analyzed if colocalization between the two retromer 

subcomplexes at representative cell sections was affected upon PI3K inhibition (see Methods 

for details). We first verified a proper subcellular location of the exogenous protein. As 

quantitated from immunofluorescence images, myc-hSNX2 displayed ~ 70 % overlap with 

total SNX2 throughout the cell, being the colocalization more apparent at the subapical region 

(not shown). We also observed that myc-SNX2 markedly colocalized with endogenous 

Vps26, suggesting a correct integration in the retromer complex (Fig. 7). When cells were 

treated with 50 µM LY294002, we found a significant decrease in the colocalization between 

myc-SNX2 and Vps26, particularly manifested at the subapical region of the cell (Fig. 7a), 

but also apparent at the nuclear region (Fig. 7b). This reduced colocalization between the two 

retromer subcomplexes prompted us to analyze if, as a consequence, PI3K inhibition altered 

colocalization between internalized pIgA and retromer. Consistent with previous data [9], we 

found that pIgA partially colocalized with Vps26 (Fig. 8). While particularly evident at the 

region around the nucleus (Fig. 8a), we found a significant decrease of colocalization between 

pIgA and Vps26 in the presence of the inhibitor throughout the cell. Such decrease was 
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already quantifiable with 10 µM (not shown), but it was more manifested with 50 µM 

LY294002 (Fig. 8b). Upon overexpression of Vps35, which promotes the pIgR transcytotic 

pathway [9], a slight increase in Vps26 colocalization with pIgA was measured in untreated 

cells. However, we still found a considerable loss of colocalization by the treatment, except at 

the subapical region, for which differences were not statistically significant (Fig. 8c). In 

agreement with this altered colocalization between internalized pIgA and Vps26, we found 

that less Vps35 co-immunoprecipitated with the pIgR in cells treated with the inhibitor; this 

association was reduced by the treatment from 1.73 % down to 0.66 % (Fig. 6c). We also 

analyzed colocalization between pIgA and SNX2. Here, the decrease of colocalization caused 

by LY294002 treatment was obvious at the subapical (Fig. 9a) and basolateral regions of the 

cell (Fig. 9b), perhaps owed to a large proportion of cytosolic SNX2 displaying a diffuse 

pattern at the perinuclear area (not shown), which may have overestimated our measurements 

in this region. Upon Vps35 overexpression, a general decrease in pIgA-SNX2 colocalization 

was also observed when inhibiting PI3K (Fig. 9c). Decrease in colocalization with Vps26 

(Supplemental Fig. 1) and with SNX2 (Supplemental Fig. 2) was still observed when 

internalized pIgA was chased for long time periods (up to 30 min), during which the ligand 

gradually leaves basolateral endosomes but it is still detected at the subapical cell region [37]. 

In summary, the reduced colocalization observed between the two retromer subcomplexes and 

between retromer and cargo provides an explanation for the effects of PI3K inhibition on 

pIgA transcytosis. 

 

Discussion 

 

In this study we present evidence that PI3K regulates the retromer’s role in 

transcytotic delivery of pIgR-pIgA through polarized MDCK cells. Our conclusion is strongly 
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supported by the consequences of specifically inhibiting PI3K with LY294002 in MDCK-

pIgR∆670-707 cells, which are defective in pIgA transport [25]. In these cells, Vps35 

overexpression promotes transcytosis of an otherwise quickly degraded ligand [9]. Here, 

PI3K inhibition dramatically reduced the restored transcytosis accomplished by Vps35 

overexpression (Fig. 4a). 

In the present work, it was critical to distinguish whether possible effects measured on 

pIgA transcytosis were specific of regulation by PI3K-retromer and did not occur owed to 

more general alterations throughout the endocytic-transcytotic pathway inherent of the 

approach used. To study PI3K regulation of retromer’s function, we chose a chemical 

approach to specifically block the enzyme’s activity. The enzyme’s inhibitor, its 

concentration as well as exposure time were carefully established. We evaluated inhibition of 

Akt phosphorylation [29], EEA1 depletion from membranes [30] and endosome enlargement 

[31, 32]. Based on these analysis (Fig. 1 and Fig. 2), we chose 10 µM and 50 µM, 

respectively, as low and intermediate (moderate) concentrations of LY294002 to use for 

functional assays (Fig. 3 and Fig. 4). At 50 µM, LY294002 has been reported to display a 

very specific effect, without affecting a representative range of tyrosine kinases, serine-

threonine kinases, lipid kinases, or ATPases [28]. More recently, however, it was shown that 

PI3K inhibitors could also inhibit kinases with a catalytic domain similar to that of PI3K. In 

this regard, LY294002 appeared to inhibit the mammalian target of rapamycin at only 30 µM 

[38]. Such additional inhibitory effect may have long-term implications on cell proliferation 

and further consequences in various systems, but it is unlikely that interferes with IgA 

trafficking as measured in our short-term analysis. Another kinase reported to display 

sensitivity for LY294002 is casein kinase II (CK2). As reported, 50 µM LY294002 nearly 

inhibited CK2 to a similar extent as PI3K [39]. Among many potential substrates, CK2 

phosphorylates proteins that traffic between intracellular compartments and the plasma 
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membrane, including endosomal receptors; a putative CK2 phosphorylation site has also been 

proposed for pIgR at Ser726, however, in vitro or in vivo evidence of CK2 phosphorylation on 

pIgR was not provided [40]. Even if we inhibited CK2 dependent phosphorylation of pIgR in 

our experiments, phosphorylated Ser726 appears to be required for interaction of pIgR with the 

AP-1 clathrin adaptor at the trans-Golgi network and to function on pIgR targeting to the 

basolateral surface [40]. On the contrary, we have measured basolateral to apical transcytosis 

of pIgA, and expressed this as a percentage, which is independent of pIgR expression levels 

and of receptor levels on the basolateral surface [27]. Thus, although we cannot completely 

rule out effects on other enzymes by LY294002 under our experimental conditions, such 

effects unlikely had implications in our assays of pIgA transcytosis. 

Transcytosis of pIgA decreased with 50 µM LY294002 (Fig. 3a). This decrease was 

moderate in comparison to the 50 % inhibition previously reported under wortmannin [22], 

although the effects on pIgA transcytosis could largely depend on the inhibitor and dose used 

[23]. It should be noted that the two inhibitors present important differences, which turn into 

an IC50 ~ 500-fold lower for wortmannin than for LY294002 [41]. It is possible that the 

concentration of wortmannin used to inhibit PI3K in these studies was disproportional in 

comparison to the concentration of LY294002 that we have used here, and the more striking 

effect that was then seen on transcytosis might have been caused by broad effects on the 

endosomal machinery, as discussed above [31, 32, 34]. On the other hand, the lack of a 

striking effect on pIgA transcytosed by pIgR-WT (Fig. 3) suggests that the effects seen on 

pIgA transcytosed by pIgR∆670-707 (Fig. 4) are specific to PI3K inhibition and unrelated to 

possible side effects on membrane dynamics or to inhibition of other kinases putatively 

involved in pIgR trafficking. 

Retromer ensures efficient transcytosis of pIgA by pIgR-WT or pIgR∆670-707 and 

prevents their degradation [9]. In the present work, PI3K inhibition markedly increased 
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basolateral recycling of pIgA by pIgR∆670-707. In MDCK-pIgR∆670-707 cells overexpressing 

Vps35, PI3K inhibition blocked the ability of retromer to restore pIgA transcytosis, without 

affecting further ligand degradation, while recycling still increased (Fig. 4). These 

observations fit with a model in which PI3K would act in a post-endocytic, intermediate step 

of transcytosis, prior to translocation of pIgR-pIgA into an apical compartment, as previously 

proposed [22]. The present data suggest that retromer regulation by PI3K would prevent 

ligand recycling rather than ligand degradation, perhaps as a result of promoting its 

transcytosis, in agreement to what we previously proposed [9]. 

We assume that the concentration dependency of EEA1 dissociation that we found in 

response to LY294002 parallels a decrease in endogenous PI 3-phosphates, as previously 

observed to occur in response to wortmannin [30, 42]. An interpretation of our data is that 

such decrease in PI 3-phosphates prevents SNXs association to membranes [6, 21] and hence 

retromer assembly [20], thus affecting retromer activity on pIgR-pIgA transcytosis. Although 

there is compelling evidence for a role of PI 3-phosphates on recruitment of SNXs through 

their Phox homology (PX) domain (reviewed in [43-45]), this aspect still remains a matter of 

controversy. In this regard, deletion of Vps34p, the only PI3K in yeast [46], or deletion of the 

PX domain of either Vps5p or Vps17p, only caused a modest effect on Vps5p membrane 

association [11]. In mammalian systems, SNX1 was proposed to associate with the Vps35-

Vps26-Vps29 subcomplex [16] and to be preferentially targeted, through its 

Bin/Amphiphysin/Rvs and PX domains, to tubular endosome microdomains rich in PI 3-

phosphates [47]. According to the model proposed, SNX1 acts as a scaffold for association of 

the Vps35-Vps26-Vps29 subcomplex, which then selects cargo for sorting by an iterative 

fractionation process based on the geometric efficiency of these tubular elements [47]. 

However, we have not found SNX1 or the closely related SNX2 associated with pIgR-WT [9] 

or present in co-immunoprecipitated Vps35-Vps26-Vps29 subcomplexes. In addition, 
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inhibition of PI3K did not affect the stoichiometry of the interactions among these subunits 

(Fig. 6). This suggests that SNXs association to the Vps35-Vps26-Vps29 subcomplex may be 

transient and that assembly of the two subcomplexes undergoes independent regulation. In 

agreement with these data, SNX1 has not been detected in pull-down assays of mammalian 

Vps29 [17] and antisense depletion of both SNX1 and SNX2 did not prevent targeting of 

Vps26 to membranes [48]. In a reciprocal way, knocking down Vps35 [9] or Vps26 [6, 7, 49] 

depletes the Vps35-Vps26-Vps29 subcomplex but does not affect the levels of SNX1 or 

SNX2. Similarly, SNXs displayed a clear tendency of redistribution to cytosol upon PI3K 

inhibition under our experimental conditions, leaving the subunits of the Vps35-Vps26-Vps29 

subcomplex largely unaffected (Fig. 5). We propose that this redistribution is responsible for 

the altered colocalization between exogenous SNX2 and endogenous Vps26 observed upon 

PI3K inhibition (Fig. 7), and for the consequent reduction in Vps35 co-immunoprecipitated 

with pIgR (Fig. 6c). In addition, when we immunostained for subunits of the two retromer 

subcomplexes and compared their pattern with that of internalized pIgA, we saw a significant 

decrease in colocalization for both Vps26 (Fig. 8) and SNX2 (Fig. 9) when PI3K was 

inhibited. A reduction in colocalization was still observed even under Vps35 overexpression, 

in agreement with the observation that pIgA transcytosis in Vps35 overexpressing cells is still 

reduced by PI3K inhibition (Fig. 3b). A comparable analysis in MDCK-pIgR∆670-707 cells 

could not be performed because the low expression level of the mutant receptor, along with its 

faster turnover in comparison to pIgR-WT [9, 25], did not allow reliable detection of the 

internalized pIgA by immunofluorescence, even upon Vps35 overexpression. At any rate, we 

could conclude that, more precisely than simply a redistribution of SNXs to the cytosol, it 

seems clear that the primary effect of PI3K inhibition on SNXs is a loss of their proper 

membrane location due to reduction of PI 3-phosphates on membranes. In agreement with our 

results, data on the recently described plant retromer also shows that the Vps35-Vps26-Vps29 
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subcomplex remains membrane associated as a result of wortmannin treatment [50]. Although 

Vps5 staining could not be performed in that study, a loss of colocalization between Vps35 

and cargo became evident by the treatment, indicative of a spatial redistribution of Vps35, 

Vps26, and Vps29 to different membrane subdomains [50]. In the absence of PI3K activity, it 

is therefore possible that the Vps35-Vps26-Vps29 subcomplex is still efficiently recruited to 

the membrane by means of an unrelated mechanism which, as recently suggested, might 

involve Vps26 interaction with an as yet unidentified transmembrane protein [19]. However, 

owed to its mislocalization with the SNXs subcomplex, it becomes unable to cluster the cargo 

for efficient sorting from appropriate locations, which must be defined by the SNXs 

subcomplex. This would provide an explanation to the effects on pIgA transcytosis that we 

see upon PI3K inhibition by LY294002. 

In conclusion, we present evidence that PI3K regulates retromer’s role in pIgR-pIgA 

transcytosis. Our data agree with the idea that retromer efficiently sorts pIgR-pIgA into the 

transcytotic pathway through interaction of pIgR with the Vps35-Vps26-Vps29 retromer 

subcomplex. While membrane association and assembly of the Vps35-Vps26-Vps29 

subcomplex seems to proceed independently of SNXs association, proper functioning in 

sorting requires efficient membrane association of the SNXs subcomplex, which likely 

provides a site for the proper membrane location of the Vps35-Vps26-Vps29 subcomplex. 

Given the apparent independence of regulation between the two subcomplexes, an interesting 

challenge in the future will be to define whether different SNX family members interact with 

the Vps35-Vps26-Vps29 retromer subcomplex to perform specific sorting roles in 

mammalian systems. 
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Figure legends 

 

Figure 1 Effect of PI3K inhibition on Akt dephosphorylation and EEA1 membrane 

depletion. MDCK cells growing on plates were incubated with the indicated concentration of 

LY294002 (LY). Membrane (mem) and cytosolic (cyt) fractions were prepared from cell 

homogenates and analyzed by western blot. a, Dephosphorylation of cytosolic P-AKT at 

increasing concentrations of LY294002. The percentage of P-AKT dephosphorylation (% de-

P) is indicated. b, EEA1 redistribution to cytosol by LY294002 (upper panel), with values 

below the panel showing percentage of membrane depletion (% depl). Actin, with a constant 

cytosol / membrane ratio (9:1), is included as a loading control (lower panel). Each lane was 

loaded with the same amount of protein (a, 20 µg; b, 10 µg). 

 

Figure 2 Effect of PI3K inhibition on endosome size.  MDCK cells were grown as a 

polarized monolayer on Transwells and treated with the indicated concentration of LY294002 

(LY). Cells were fixed with paraformaldehyde and immunostained for EEA1. a, XY sections 

taken at high magnification, with arrowheads pointing to large endosomes seen using 100 µM 
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LY294002, some of them appearing blurry (asterisks). Scale bar represents 5 µm. b, Graph 

showing mean endosome size ± SD (number of endosomes, n ~ 350; *** p < 0.0001 vs. 0 

µM).  

 

Figure 3 PI3K inhibition reduces pIgA transcytosis with or without Vps35 

overexpression.  MDCK cells expressing pIgR-WT and the tetracycline transactivator (tTA) 

were grown as a polarized monolayer on Transwells and infected with adenovirus carrying 

the myc-hVps35 gene under a tetracycline repressible system. A ligand transcytosis assay 

using 125I-pIgA was performed. a, Decrease of apically transcytosed ligand and concomitant 

increase in degradation in uninduced control cells (repressed with the antibiotic) treated with 

50 µM LY294002 (50 µM), with little change when a lower concentration of inhibitor (10 

µM) was used. b, Decrease of apically transcytosed ligand and slight increase in degradation 

in cells overexpressing ~ 5-fold Vps35 (adenoviral-induced) treated with increasing 

concentrations of LY294002. Apical delivery is represented by a solid line and degradation by 

a dashed line. Values are the mean ± SD (n = 3). 

 

Figure 4 Vps35 overexpression does not restore pIgA transcytosis if PI3K is 

inhibited in MDCK-pIgR∆670-707 cells.  MDCK cells expressing pIgR∆670-707 were grown as a 

polarized monolayer on Transwells and infected with adenovirus carrying the myc-hVps35 

gene together with an adenovirus carrying the tTA under a tetracycline repressible system (co-

infection was required because these cells do not stably express tTA). A ligand transcytosis 

assay using 125I-pIgA was performed on cells treated (+ LY) or untreated (- LY) with 50 µM 

LY294002. a, LY294002 treatment in cells overexpressing ~ 5-fold Vps35 (adenoviral-

induced) abolished apical transcytosis restored by Vps35 overexpression. In the presence of 

the inhibitor, uninduced control cells (repressed with the antibiotic) showed no change on 
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transcytosis, which remained at background levels. b, PI3K inhibition substantially increased 

basolateral recycling in uninduced cells and to a lesser extent in Vps35 overexpressing cells. 

c, PI3K inhibition reduced ligand degradation only in uninduced cells. The curves for 

uninduced cells are represented by a solid line and circles are used as symbols. For Vps35 

overexpressing cells, the curves are dashed lines and diamonds are used as symbols. 

LY294002 treatment is denoted by filled symbols vs. empty symbols in untreated cells. 

Values are the mean ± SD (n = 3). 

 

Figure 5 PI3K inhibition reduces membrane association of SNX1 and SNX2 but 

does not affect the Vps35-Vps26-Vps29 subcomplex.  MDCK cells were treated with 0 µM 

or 50 µM LY294002 (LY) and processed for subcellular fractionation and western blot 

analysis as in Fig. 1. a, To better visualize possible redistribution between the fractions, 10 µg 

cytosol (cyt) and 20 µg membrane (mem) protein were loaded, except for the blot to Vps35 

shown, which was loaded with 20 µg cytosol and 10 µg membrane protein. A considerable 

redistribution to cytosol of SNX1 and SNX2 is observed using 50 µM LY294002, leaving 

Vps35, Vps26 and Vps29 unaffected. b, Graph showing percentage of membrane association 

for the retromer subunits using various concentrations of LY294002 as obtained by 

quantitation of 3-5 western blots. Values are the mean ± S.E. (* p < 0.05; ** p < 0.005 vs. 0 

µM). 

 

Figure 6 Co-immunoprecipitation of Vps35-Vps26-Vps29 is not affected by PI3K 

inhibition but association of Vps35 with pIgR is reduced. MDCK cells growing on plates 

were lysed with non-ionic detergent and subjected to Vps26 (a-b) or pIgR (c) 

immunoprecipitation (IP). Western blot analysis shows co-immunoprecipitated proteins. a, 

28.6 ± 5.5 % Vps35 and 76.9 ± 10.9 % Vps29 (mean ± SD; n = 8) were found complexed 
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with Vps26, while SNX1 or SNX2 were not detected in the immunoprecipitates. The lane 

with antibody alone (no lysate; Blk) indicates the bands originated from the antibody IgG. For 

clarity, exposure time is lower in blots for Vps35, Vps26 and Vps29 shown in the IP lanes 

than in those of the lysate lane. b, No change in the relative association among the subunits of 

the Vps35-Vps26-Vps29 subcomplex upon treatment with 50 µM LY294002. The anti- 

Vps26 antibody used here was chemically cross-linked to protein A-Sepharose beads. c, Less 

Vps35 associates with pIgR in LY294002 treated cells (0.66 ± 0.39 %; mean ± S.E.; n = 6; p 

< 0.05 vs. 0 µM) in comparison to untreated cells (1.73 ± 0.29 %). Lysates (Lys), 15 µg 

protein. Immunoprecipitations were from ~ 750 µg protein as starting material. 

 

Figure 7 PI3K inhibition reduces colocalization between the two retromer 

subcomplexes.  MDCK cells expressing myc-SNX2 were grown as a polarized monolayer on 

Transwells. After treatment with 0 µM or 50 µM LY294002, cells were fixed with 

paraformaldehyde and immunostained for Vps26 (green) and myc (red). a, XY sections taken 

at the subapical cell region show a single enlarged cell. Vps26 is distributed in this region in 

structures of various sizes displaying evident colocalization with myc-SNX2 (arrowheads), 

which was reduced upon treatment with LY294002. Scale bar represents 2.5 µm. b, The graph 

shows percentage of myc-SNX2 colocalizing with Vps26 throughout three representative cell 

levels, subapical (API), medial or nuclear level (NUC), and basolateral region (BAS); a 

general loss of colocalization was seen upon treatment with the inhibitor. Values are the mean 

± S.E. (number of structures, n ~ 80; ** p < 0.005; *** p < 0.0005 vs. 0 µM). 

 

Figure 8 PI3K inhibition reduces colocalization between Vps26 and internalized 

pIgA with or without Vps35 overexpression.  MDCK cells expressing pIgR-WT and the 

tetracycline transactivator (tTA) were grown as a polarized monolayer on Transwells and 
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infected with adenovirus carrying the myc-hVps35 gene under a tetracycline repressible 

system. After pretreatment with 0 µM or 50 µM LY294002, pIgA was internalized from the 

basolateral cell pole for 10 min at 37oC, and then chased for 2.5 min in ligand-free medium. 

Cells were fixed with paraformaldehyde and immunostained for Vps26 (green) and pIgA 

(red). a, XY sections taken at the level of the nucleus show a single enlarged cell (uninduced 

control, repressed with the antibiotic). Vps26 is distributed in this region in structures of 

various sizes displaying considerable colocalization with pIgA (arrowheads), which was 

reduced upon treatment with LY294002. Scale bar represents 2.5 µm. b-c, The graphs show 

percentage of pIgA colocalizing with Vps26 throughout three representative cell levels, as in 

Fig. 7. Upon treatment with the inhibitor, a general loss of colocalization was seen either in 

uninduced (b) or in adenoviral induced cells (overexpressing Vps35; c). Values are the mean 

± S.E. (number of structures, n ~ 80; * p < 0.05; ** p < 0.005; *** p < 0.0005 vs. 0 µM). 

 

Figure 9 PI3K inhibition reduces colocalization between SNX2 and internalized 

pIgA with or without Vps35 overexpression.  MDCK cells expressing pIgR-WT and the 

tetracycline transactivator (tTA) were grown as a polarized monolayer on Transwells and 

treated as described in Fig. 8. After fixation, cells were immunostained for SNX2 (green) and 

pIgA (red). a, XY sections taken at the subapical cell region show a single enlarged cell 

(uninduced control, repressed with the antibiotic). SNX2 is distributed in this region in 

structures of various sizes displaying visible colocalization with pIgA (arrowheads), which 

was reduced upon treatment with LY294002. Scale bar represents 2.5 µm. b-c, The graphs 

show percentage of pIgA colocalizing with SNX2 throughout three representative cell levels, 

as in Fig. 7. Upon treatment with the inhibitor, a general loss of colocalization was seen either 

in uninduced (b) or in adenoviral induced cells (overexpressing Vps35; c). Values are the 

mean ± S.E. (number of structures, n ~ 80; ** p < 0.005; *** p < 0.0005 vs. 0 µM). 
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Supplemental Figure 1 PI3K inhibition reduces colocalization between Vps26 and 

internalized pIgA chased for a long time period.  MDCK cells expressing pIgR-WT were 

grown as a polarized monolayer on Transwells. Cells were treated with 0 µM or 50 µM 

LY294002 and processed for immunofluorescence as in Fig. 8, except that here internalized 

pIgA was chased for 2.5, 10, 15 or 30 min, as indicated. a-c, The graphs show percentage of 

pIgA colocalizing with Vps26 throughout three representative cell levels, as in Fig. 7; a 

general loss of colocalization at the different chase times was seen upon treatment with 

LY294002 (number of structures, n ~ 80; * p < 0.05; ** p < 0.005; *** p < 0.0005 vs. 0 µM). 

 

Supplemental Figure 2 PI3K inhibition reduces colocalization between SNX2 and 

internalized pIgA chased for a long time period.  MDCºK cells expressing pIgR-WT were 

grown as a polarized monolayer on Transwells. Cells were treated with 0 µM or 50 µM 

LY294002 and processed for immunofluorescence as in Fig. 9, except that here internalized 

pIgA was chased for 2.5, 10, 15 or 30 min, as indicated. a-c, The graphs show percentage of 

pIgA colocalizing with SNX2 throughout three representative cell levels, as in Fig. 7; a 

general loss of colocalization at the different chase times was seen upon treatment with 

LY294002. Values are the mean ± S.E. (number of structures, n ~ 80; * p < 0.05; *** p < 

0.0005 vs. 0 µM). 
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