
Molecular Biology of the Cell
Vol. 10, 1409–1427, May 1999

Transduction of Basolateral-to-Apical Signals across
Epithelial Cells: Ligand-stimulated Transcytosis of the
Polymeric Immunoglobulin Receptor Requires Two Signals
Frédéric Luton and Keith E. Mostov*

Departments of Anatomy and Biochemistry and Cardiovascular Research Institute, University of
California, San Francisco, California 94143-0452

Submitted March 2, 1999; Accepted March 8, 1999
Monitoring Editor: Juan Bonifacino

Transcytosis of the polymeric immunoglobulin receptor (pIgR) is stimulated by binding of its
ligand, dimeric IgA (dIgA). During this process, dIgA binding at the basolateral surface of the
epithelial cell transmits a signal to the apical region of the cell, which in turn stimulates the
transport of dIgA–pIgR complex from a postmicrotubule compartment to the apical surface. We
have previously reported that the signal of stimulation was controlled by a protein-tyrosine
kinase (PTK) activated upon dIgA binding. We now show that this signal of stimulation moves
across the cell independently of pIgR movement or microtubules and acts through the tyrosine
kinase activity by releasing Ca11 from inositol trisphosphate–sensitive intracellular stores. Sur-
prisingly we have found that a second independent signal is required to achieve dIgA-stimulated
transcytosis of pIgR. This second signal depends on dIgA binding to the pIgR solely at the
basolateral surface and the ability of pIgR to dimerize. This enables pIgR molecules that have
bound dIgA at the basolateral surface to respond to the signal of stimulation once they reach the
postmicrotubule compartment. We propose that the use of two signals may be a general
mechanism by which signaling receptors maintain specificity along their signaling and trafficking
pathways.

INTRODUCTION

In recent years we have seen major advances in our
understanding of the complex signaling pathways
that regulate cell function. Concomitant with this
understanding has come an appreciation that these
pathways are both compartmentalized and inti-
mately tied to the processes that regulate traffic
between membrane compartments (Seaman et al.,
1996; Roth and Sternweis, 1997). This compartmen-
talization exists at several levels and serves multiple
functions. Within the plasma membrane, certain sig-
naling molecules may be segregated to small sub-
domains, such as caveolae or rafts enriched in gly-
cosphingolipids and cholesterol (Lisanti et al., 1994).
Such segregation has been proposed to contribute to
the specificity of signaling interactions by bringing
selected signaling components together. This might
facilitate their interaction and/or avoid undesired
interactions with other molecules that are excluded

from these subdomains (Lisanti et al., 1994; Harder
and Simons, 1997). After ligand binding, most sig-
naling receptors are removed from the plasma mem-
brane by endocytosis. Ligand-induced endocytosis
can serve to down-regulate signaling by routing the
receptor and/or ligand to lysosomes for degrada-
tion, or it can initiate or perpetuate the signaling
cascade (Baas et al., 1995). Signaling by a receptor
has been shown to continue after it has been inter-
nalized. For instance, inhibition of endocytosis of
the epidermal growth factor receptor (EGFR)1 or
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1 Abbreviations used: BEE, basolateral early endosome; [Ca11]i, intra-
cellular free Ca11 concentration; dIgA, dimeric immunoglobulin A;
EGFR, epidermal growth factor receptor; InsR, insulin receptor; IP3,
inositol trisphosphate; IP3R, IP3 receptor; MDCK, Madin–Darby ca-
nine kidney; MEM, minimum essential medium; pIgR, polymeric
immunoglobulin receptor; PLC, phosphatidylinosiol-specific phos-
pholipase C; PMA, phorbol myristate acetate; PMC, postmicrotubule
compartment; PP1, 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo-
[3,4-d]pyrimidine; PTK, protein-tyrosine kinase; PVDF, polyvinyli-
dene difluoride; SC, secretory component; Tf, transferrin; TMD, trans-
membrane domain.
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insulin receptor (InsR) by point mutations in their
cytoplasmic tail or by use of a dominant negative
mutation of dynamin has demonstrated that certain
signaling events mediated by these receptors re-
quire previous endocytosis (Vieira et al., 1996;
Ceresa et al., 1998). Finally, signaling by a receptor
at the cell surface can alter the trafficking of another
molecule, as exemplified by signaling from the InsR,
which promotes the exocytosis of a glucose trans-
porter in insulin-sensitive cells (Rea and James,
1997). Another example is the regulation of the ma-
jor histocompatibility complex class II molecule–
specific compartment by signaling from the B cell
receptor (Siemasko et al., 1998).

Polarized cells represent an additional layer of com-
plexity of compartmentalization and spatial transmis-
sion of signaling information. In polarized epithelial
cells that have separate apical and basolateral plasma
membrane domains with distinct compositions, many
signaling molecules are specifically associated with
either the apical or basolateral surface or with or-
ganelles located in the apical or basolateral regions of
the cytoplasm (Kim, 1997). A crucial question is how
signals are communicated across epithelial cells, i.e.,
how information moves from the basolateral to the
apical pole of the cell. An example of transmission of
information across an epithelial cell is found in pan-
creatic and salivary epithelial cells, where binding of a
secretagogue to the basolateral surface causes produc-
tion of inositol trisphosphate (IP3). This IP3 then rap-
idly diffuses across the cell and causes the release of
Ca11 from intracellular stores located in the apical
region of the cytoplasm. The elevated calcium then
stimulates the exocytosis of large secretory granules at
the apical surface (Gerasimenko et al., 1996; Tanimura
and Turner, 1996; van de Put and Elliott, 1997). This
example illustrates how a hormonal signal acting at
the basolateral surface of the cell produces an action at
the apical surface resulting in secretion. Calcium sig-
naling involving waves and spikes of elevated intra-
cellular free Ca11 also occurs in epithelial cells that do
not have classical “regulated” secretory pathways
(e.g., hepatocytes), suggesting that spatial transmis-
sion of signaling information may be indeed a general
phenomenon (Thorn et al., 1993, 1996; Thomas et al.,
1996; Pfeiffer et al., 1998).

We have used the polymeric immunoglobulin re-
ceptor (pIgR) as a model system to study the compart-
mentalization and spatial transmission of signaling
information in polarized epithelial cells (Mostov,
1994). The pIgR is expressed by many types of polar-
ized epithelial cells and transcytoses dimeric IgA
(dIgA) from the basolateral to the apical surface. The
following model has emerged based largely on studies
using Madin–Darby canine kidney (MDCK) cells ex-
pressing exogenous rabbit pIgR. Newly made pIgR
follows the secretory pathway through the Golgi and

trans-Golgi network. From the trans-Golgi network,
the pIgR is delivered to the basolateral surface. Baso-
lateral sorting is specified by a basolateral sorting
signal consisting of residues 653–670 (Casanova et al.,
1991; Aroeti et al., 1993). This sorting signal comprises
the membrane-proximal portion of the C-terminal cy-
toplasmic domain of the pIgR, which encompasses
residues 653–755.

Once at the basolateral surface, the pIgR can bind its
ligand, dIgA, and undergo transcytosis. Based on bio-
chemical, light microscopic, and most importantly
electron microscopic analysis, transcytosing dIgA has
been found to move through three intracellular com-
partments. (Hunziker et al., 1990; Apodaca et al., 1994;
Mostov, 1994; Song et al., 1994a,b; Gibson et al., 1998).
In the first step, the pIgR is endocytosed (with or
without dIgA bound) and delivered to basolateral
early endosomes (BEEs). In the second step, the pIgR
is found in long, 100-nm-diameter tubules, whose
structure is dependent on microtubules. Nocodazole
treatment of the cells prevents formation of these tu-
bules. This tubular compartment is accessible to trans-
ferrin (Tf) and dIgA endocytosed from both the apical
and basolateral surfaces. The third compartment con-
sists of 100-nm cup-shaped vesicles that are distrib-
uted immediately beneath the apical plasma mem-
brane and tend to be clustered around the centriole.
The cup-shaped vesicles are enriched in dIgA and
depleted in Tf. Finally, the pIgR is delivered from the
cup-shaped vesicles to the apical surface, where its
extracellular, ligand-binding domain is cleaved off
and released together with the dIgA. This cleaved
fragment is called the secretory component (SC).

Several lines of evidence suggest that transcytosis of
pIgR consists of two components: constitutive or base-
line transcytosis that occurs when dIgA is not bound
and ligand-stimulated transcytosis. First of all, in vivo
a considerable fraction of pIgR is often transcytosed in
the absence of dIgA, leading to the release of SC
without dIgA bound. This process is controlled by
phosphorylation of Ser-664, which apparently acts to
inactivate the primary basolateral targeting signal and
thereby allows the pIgR to be transcytosed after it is
endocytosed (Casanova et al., 1990). If phosphoryla-
tion is prevented by mutation of Ser-664 to Ala, the
pIgR, after endocytosis, recycles back to the basolat-
eral surface instead of undergoing transcytosis.

Second, binding of dIgA to pIgR stimulates transcy-
tosis of the pIgR. This stimulation acts primarily after
the nocodazole-sensitive step, i.e., either on the move-
ment of pIgR out of BEE into the tubular compartment
and/or at a subsequent step in transcytosis. (Song et
al., 1994a). Ligand binding has recently been shown to
result in an approximately threefold increase in pIgR
transcytosis in rat liver and is therefore not simply an
artifact of using cultured cells transfected with pIgR
(Giffroy et al., 1998).
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Finally, very recent electron microscopy analysis has
shown that, at least under certain conditions, forma-
tion of the tubular compartment itself is dependent on
binding of dIgA to the pIgR (Gibson et al., 1998). This
provides a dramatic morphological corollary to the
biochemical and functional data on stimulation of
transcytosis by dIgA binding to pIgR.

dIgA binding to the pIgR stimulates transcytosis
through a signal transduction pathway. We have re-
cently demonstrated an outline of how this pathway
works. First of all, binding of dIgA induces dimeriza-
tion of the pIgR. This was demonstrated by expressing
in Jurkat cells a chimera of the pIgR and the cytoplas-
mic domain of the zeta chain of the T cell receptor as
a sensitive reporter of receptor oligomerization in-
duced by polymeric IgA (Singer and Mostov, 1998).
Second, in MDCK cells binding of dIgA to pIgR in-
duces tyrosine phosphorylation of several proteins,
including the phosphatidylinositol-specific phospho-
lipase Cg1 (PLCg1). Binding of dIgA to pIgR also
causes membrane translocation of PKCe, release of
IP3, and finally an increase in the intracellular concen-
tration of free Ca11, ([Ca11]i) (Cardone et al., 1996;
Luton et al., 1998). The pIgR itself, however, is not
tyrosine phosphorylated and does not have any intrin-
sic kinase activity. Using inhibitors of PTKs and pIgR
mutants deficient in stimulating the PTK activity upon
dIgA binding, we have demonstrated that rapid ty-
rosine phosphorylation is essential for ligand-stimu-
lated transcytosis (Luton et al., 1998). The profile of
pharmacological inhibitors was consistent with the
involvement of a member of the src family of tyrosine
kinases, which may associate directly or indirectly
with the pIgR.

These observations imply that information is some-
how transmitted across the epithelial cell from the
basolateral surface where pIgR binds dIgA to the api-
cal pole of the cell where pIgR transport is stimulated.
We now report that two separate signals or processes
are involved in dIgA-stimulated pIgR transcytosis.
The first signal is one of “stimulation.” The signal of
stimulation requires the activity of a nonreceptor ty-
rosine kinase, calcium release from IP3 intracellular
stores, and can be mimicked by pharmacologically
increasing [Ca11]i. The second signal, which we call a
process of “sensitization,” enables the pIgR to respond
to the first kinase-dependent signal of stimulation. To
be sensitized the pIgR must first bind dIgA at the
basolateral surface and subsequently must move to
the postmicrotubule compartment (PMC), where it
can then respond to the signal of stimulation. Sensiti-
zation also requires that the pIgR be able to dimerize.
We conclude that two different signals, those of sen-
sitization and stimulation, must separately move
across the epithelial cell to achieve dIgA-stimulated
pIgR transcytosis. These results provide novel insights
into two questions of general importance to cell biol-

ogy, namely, how signals can be propagated across
polarized cells, and how specificity can be maintained
between receptors using identical signaling molecules.

MATERIALS AND METHODS

Cells
The MDCK strain II cell line and its transfectants were maintained
as previously described (Breitfeld et al., 1989). The mutants pIgR-
A657, pIgR-725t, and pIgR-GpA G83A have been previously de-
scribed (Breitfeld et al., 1990; Aroeti et al., 1993; Singer and Mostov,
1998). Cells were grown on 0.4-mm pore size Transwell filters (Corn-
ing Costar, Cambridge, MA), and the medium was changed every
day. Cells were used 4 or 5 d after plating. All experiments have
been reproduced with at least two different clones of each mutant.

Reagents
Trypsin, leupeptin, and soybean trypsin inhibitor were from Sigma
(Sigma, St. Louis, MO). The sulfo NHS-biotin was obtained from
Pierce (Rockford, IL). NP40, nocodazole, ionomycin, phorbol my-
ristate acetate (PMA), and xestospongin C were from Calbiochem
(La Jolla, CA). The protein-tyrosine kinase (PTK) inhibitor 4-amino-
5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP1) was
purchased from Biomol (Plymouth Meeting, PA). Cells were pre-
treated with all drugs for 30 min before the experiment, and all
drugs were present throughout the assays. At the concentration
used none of the drugs had any effect on polarity, as measured by
the integrity of the tight junctions, transepithelial resistance, or the
restricted basolateral localization of E-cadherin as confirmed by cell
surface biotinylation (our unpublished data).

Antibodies
The anti-phosphotyrosine antibody 4G10 and the mixed mAbs
against PLC-g1 were from Upstate Biotechnology (Lake Placid, NY).
The anti-mouse IgG HRP secondary antibody was purchased from
Bio-Rad (Hercules, CA). The avidin-HRP and the ECL system were
obtained from Amersham (Arlington Heights, IL). Purified human
dIgA was kindly provided by Prof. J.-P. Vaerman (Catholic Univer-
sity of Louvain, Brussels, Belgium).

dIgA Stimulation, Immunoprecipitation, and Anti-
Phosphotyrosine Western Blot
MDCK cells were grown on 75-mm filters for 4–5 d. The filters were
washed three times in minimum essential medium (MEM)-BSA
(MEM, 6 mg/ml BSA, 0.35 g/l NaHCO3, 20 mM HEPES, pH 7.4, and
antibiotics) at 37°C. Five milliliters of MEM-BSA were added into
the apical chamber, and the filter was placed onto a 300-ml drop of
MEM-BSA with or without 0.3 mg/ml dIgA for different periods. At
the indicated time point the filter was submerged into 500 ml of
ice-cold PBS. The filter was rapidly placed onto an ice-cold metal
plate covered with parafilm, and 1 ml of fresh lysis buffer (1% NP40,
125 mM NaCl, 20 mM HEPES, pH 7.4, 10 mM NaF, 2 mM Na-
vanadate, and a mixture of proteases inhibitors) was added into the
apical chamber. All the following steps were done at 4°C. The filters
were gently shaken for 15 min, and the cells were harvested with a
plastic rubber policeman. The lysates were transferred into an Ep-
pendorf tube, vigorously vortexed for 30 s, and placed on a rotator
for 15 min. The lysates were spun 20 min at high speed in an
Eppendorf microfuge, and the supernatants precleared twice for 30
min each and immunoprecipitated for 4–5 h. The protein concen-
tration in each sample was quantitated using a Bradford assay
(Pierce) and standardized before immunoprecipitation. The immu-
noprecipitates were resolved by SDS-PAGE and transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford,
MA) in 3-[cyclohexylamino]-1-propanesulfonic acid buffer (2.2 g/l,
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Figure 1. Diagram of the postmicrotubule-dependent assay. This assay quantitates the amount of pIgR transported from the PMC to the
apical surface in the presence or absence of dIgA. See text for a detailed explanation of the protocol.
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pH 11). The membrane was blocked with PBS with 5% BSA, probed
with the anti-phosphotyrosine antibody 4G10, washed extensively,
and revealed by an anti-mouse HRP antibody and ECL.

Postmicrotubule-dependent Assay
This assay quantitatively measured the transport of a preloaded,
biotinylated pIgR from the PMC to the apical plasma membrane
and has been described in detail elsewhere (Song et al., 1994a). The
modifications of this assay are described in detail in RESULTS and
the figure legends. Cells grown 4–5 d on 12-mm filters were used.
The assay consists of six stages, as diagrammed in Figure 1. Stage A:
After three quick washes with HBSS containing 25 mM HEPES, pH
7.4, the basolateral cell surface was biotinylated for 30 min at 17°C
with 500 ml of a solution containing 0.2 mg/ml sulfo-NHS-biotin
dissolved in HBSS. During the biotinylation 300 ml of MEM BSA
was present in the apical chamber. Cells were then washed three
times with MEM-BSA at 17°C to quench the excess biotin. Stage B:
200 ml of MEM-BSA was added to the apical chambers, and the filter
units were placed onto a drop of MEM-BSA containing or lacking
0.3 mg/ml dIgA and incubated at 17°C for 10 min. Stage C: Cells
were then chased for 15 min at 37°C with trypsin (15 mg/ml) in the
apical medium and with or without dIgA at the basolateral surface.
Stage D: The chase was stopped by moving the cells to cold MEM-
BSA and by three washes in cold MEM-BSA containing 15% horse
serum and further incubated for 1 h at 4°C in the presence of 33 mM
nocodazole to depolymerize the microtubules. Stage E: The cells
went on to a second chase for 20 min at 37°C with trypsin (15
mg/ml) in the apical medium and soybean trypsin inhibitor (0.125
mg/ml) in the basolateral medium. Note that in the simplified
version of this assay used in Figures 6, 7, and 10 the nocodazole
treatment (stage D) is omitted and the two chase stages (stages B
and E) are combined in one 30-min chase at 37°C. Stage F: At the
end of the chase the cells were washed twice in cold MEM-BSA
containing 15% horse serum and incubated 5 min in MEM-BSA with
soybean trypsin inhibitor (0.125 mg/ml) to quench the trypsin. Cells
were washed three more times in MEM-BSA and 15% horse serum
and once in PBS before lysis. The lysates were precleared, and the
pIgR was immunoprecipitated with a sheep anti-rabbit SC anti-
serum. The immunoprecipitates were analyzed on SDS-PAGE and
transferred to a Millipore PVDF membrane in 3-[cyclohexylamino]-
1-propanesulfonic acid buffer (2.2 g/l, pH 11). The biotinylated pIgR
was revealed by probing the membrane with streptavidin-HRP and
ECL and quantitated with a Molecular Dynamics (Sunnyvale, CA)
densitometer. A set of filters was used as a standard and lysed after
the nocodazole treatment. The amount of biotinylated pIgR in these
samples was considered 100%. In the samples subjected to the
second chase at 37°C, the amount of remaining pIgR in the cells was
estimated as a percentage of the standard set.

Statistical Analysis
The number of experiments is indicated in the legends (n), and the
statistical significance (p) was calculated by Student’s t test.

RESULTS

DIgA-induced Signal of Stimulation of pIgR
Transcytosis
For our first set of experiments analyzing signaling
during transcytosis we used a strategy of physiologi-
cally manipulating the conditions of where and when
dIgA was added to the cells. Although morphologi-
cally transcytosis involves three intracellular compart-
ments, we decided to use a biochemical assay that
permitted us to precisely quantitate changes in trans-

cytosis resulting from these manipulations. We took
advantage of the fact that movement out of the BEE
into the tubular compartment is dependent on micro-
tubules and can be completely inhibited by the micro-
tubule-depolymerizing agent nocodazole (Hunziker et
al., 1990; Gibson et al., 1998). We therefore conve-
niently divided transcytosis into a premicrotubule-
dependent step and a postmicrotubule-dependent
step. The postmicrotubule-dependent step probably
combines several distinct processes. One of these is the
movement of pIgR from the cup-shaped vesicles out
to the plasma membrane. The postmicrotubule-depen-
dent step also potentially includes the preceding
movement from the tubular compartment into the
cup-shaped vesicles, although this step is not well
understood. These PMCs are probably equivalent to
what we and others have previously termed the apical
recycling endosome, but we use the term PMC here to
emphasize that it is functionally defined in this paper
as being beyond the nocodazole block. We have pre-
viously devised an assay for this postmicrotubule-
dependent step (Song et al., 1994a; Luton et al., 1998).
This assay consists of six stages, which are presented
in Figure 1.

A) The pIgR at the basolateral surface is biotinylated
by exposure of the basolateral surface to the mem-
brane-impermeant biotinylation reagent sulfo-NHS-
biotin for 30 min at 17°C. At this temperature the pIgR
can be internalized into BEE, but there is little delivery
to the PMC.

B) The basolateral surface of the cells is exposed to
dIgA for 10 min, also at 17°C, to allow binding of dIgA
to pIgR. In the 2dIgA control, cells undergo a mock
incubation without dIgA.

C) The cells are incubated at 37°C for 15 min to
allow movement of the pIgR and dIgA to the PMC.
Trypsin is included in the apical medium during this
incubation to cleave any pIgR that reaches the apical
plasma membrane.

D) The cells are then incubated at 4°C for 1 h in the
presence of nocodazole to depolymerize microtubules
and block any further movement of the pIgR from the
BEE to the PMC.

E) The cells are incubated for a second time at 37°C
for 20 min to allow the third step of transcytosis to
occur, i.e., the microtubule-independent transport
from the PMC to the apical surface. During this incu-
bation, trypsin is present in the apical medium to
cleave all of the pIgR that undergoes this third step.

F) The cells are lysed, and the pIgR is immunopre-
cipitated and analyzed by a Western blot probed with
streptavidin-HRP and ECL. The biotinylated pIgR that
remains uncleaved and associated with the cells is
measured. The decrease in biotinylated intact pIgR,
relative to control cells that did not undergo the sec-
ond incubation at 37°C, is taken as a measure of the
third step of transcytosis.
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Although this assay involves multiple manipula-
tions of the cells, it gives highly reproducible and
internally consistent results. For example, the assay
has been used in previous studies to show that dIgA
stimulation acts primarily on the postmicrotubule-de-
pendent step, that this stimulation is abrogated by
inhibitors of PTKs and that this stimulation is depen-
dent on a short domain of the pIgR’s cytoplasmic
domain encompassing amino-acids 725–737 (Song et
al., 1994a,b; Luton et al., 1998).

Because this assay is crucial to our analysis of sig-
naling, we performed additional experiments to better
characterize the assay. First, we analyzed the localiza-
tion of dIgA bound to the pIgR at several stages of the
assay and compared this with the localization of ba-
solaterally internalized Tf. Figure 2A shows a series of
confocal micrographs taken at various planes of sec-
tions through the cell, with the level of each section
illustrated diagramatically on the left. Vertical or X-Z
sections are shown at the bottom. At stage B, both
basolaterally internalized dIgA and Tf are confined to
the basal and lateral regions of the cytoplasm. No
internalized ligands are seen above the level of the
tight junctions, i.e., in the top two sections. In contrast,
in stage D a considerable amount of dIgA is seen in the
upper sections, notably the upper two sections, and
some of this material is clustered around the center of
the apical surface of the cell, most likely in the peri-
centriolar cup-shaped vesicles. Considerably less Tf is
seen in these upper sections. The Tf that is present is
not particularly clustered in the center of the cell,
which reflects the partial lack of Tf in the cup-shaped
vesicles. In stage E, after the final 37°C chase in the
presence of nocodazole, dIgA has almost entirely left
the apical regions of the cell, and as previously shown,
most of this dIgA has been transcytosed into the apical
medium. In contrast, much of the dIgA in the basal
and lateral regions of the cytoplasm remain associated
with the cell. Similarly, much of the Tf remains asso-
ciated with the cell. This remaining dIgA and Tf rep-
resents the material that did not move from the BEE
during stage C, secondary to the nocodazole block.

In our assay it is important to demonstrate that the
nocodazole inhibition completely blocks subsequent
traffic from the BEE to the apical surface. To focus
specifically on the completeness of this blockage, we
modified the assay as follows. Cells were biotinylated
(stage A) and treated with dIgA (stage B) at 4°C, and
step C was omitted, so that no material had a chance
to move past the nocodazole block. Stages D–F were
performed as previously described. As a control, par-
allel filters of cells were harvested immediately after
stage D to assay the total amount of biotinylated pIgR.
Figure 2B shows that in both the absence and presence
of added dIgA, there was quantitatively no loss of
biotinylated pIgR from the cells during stage E, which,

therefore, demonstrates that the nocodazole block was
complete.

Taken together, the data in Figure 2 plus previously
published data (Apodaca et al., 1994; Song et al., 1994a;
Luton et al., 1998) demonstrate that we can use this
assay to functionally divide transcytosis into a post-
microtubule-dependent step and premicrotubule-de-
pendent step. The postmicrotubule-dependent assay
most likely follows the movement of material that was
in the cup-shaped vesicles and the tubular compart-
ment to the apical plasma membrane. It is possible
that only a portion of material in the tubular compart-
ment is able to reach the apical plasma membrane
under the conditions of our assay. Nevertheless, the
assay provides a functional and biochemical division
of transcytosis into pre- and postmicrotubule steps
that is necessary for analyzing signaling during trans-
cytosis.

We then examined the extent to which the postmi-
crotubule assay can be used to analyze the stimulation
of transcytosis by dIgA binding. Figure 3 shows a
typical example of results obtained with the standard
version of the assay. (This is similar to previously
published data and is presented here as a control for
later experiments). Inclusion of dIgA (but not control
IgG) during the 17°C incubation after biotinylation
stimulates the postmicrotubule assay by ;30% over
the 2dIgA control.

In contrast, we have previously shown that when
the entire process of transcytosis is measured using
metabolically labeled pIgR instead of biotinylated
pIgR, dIgA can stimulate the rate of transcytosis by
;2-fold (Luton et al., 1998). Moreover, in vivo trans-
cytosis of pIgR by intact rat liver is increased by ap-
proximately threefold (Giffroy et al., 1998). The bioti-
nylation assay causes a smaller effect largely because
we must first biotinylate the pIgR for 30 min at 17°C in
stage A to obtain adequate labeling. During this time
much of the pIgR is endocytosed. The dIgA is added
only later in stage B, because inclusion of dIgA during
or before biotinylation results in destruction of the
ability of dIgA to bind pIgR, because of the sensitivity
of dIgA to high levels of biotinylation reagent. There-
fore, much of the pIgR is endocytosed in stage A
before the dIgA is added in stage B and never has the
opportunity to bind dIgA, artificially leading to an
underestimation of the potential for dIgA to stimulate
transcytosis. Despite this underestimation, we decided
to use this assay, because it allowed us to precisely
focus on the third step of receptor transcytosis of the
receptor, necessary for the analysis of signal transmis-
sion across the cells.

We previously found that tyrosine phosphorylation
occurs within 10 s after addition of dIgA to the baso-
lateral surface of the cell. Therefore, the signal that
controls dIgA-stimulated pIgR transcytosis is most
likely generated at the basolateral surface (Luton et al.,
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1998). There are two possible mechanisms by which
dIgA binding to pIgR at the basolateral surface could
subsequently stimulate movement in the PMC to the
apical surface. In the first, dIgA binding to the pIgR at
the basolateral surface produces a signal that is intrin-
sic to the dIgA–pIgR complex and moves with the
complex from the basolateral surface to the tubular

compartment and/or the cup-shaped vesicles. Once
the dIgA–pIgR complex is in the PMC, the signal
stimulates the movement of the complex to the apical
surface. A second possible mechanism involves a sig-
nal that stimulates pIgR apical transport, which may
not be intrinsic to the dIgA–pIgR complex. That is, the
signal might act in trans by originating from the dIgA–

Figure 2. Controls for the postmicrotubule-dependent assay. (A) Micrographs of
MDCK cells at stage A, D, or E of the postmicrotubule-dependent assay described in
Figure 1. Staining for dIgA and Tf are compared. The top five rows are horizontal
(X–Y) sections taken at various levels of the cells. On the left side a schematic of an
MDCK cell is shown, with an arrow indicating where the section was taken with
respect to the nucleus and ZO-1 staining. The two top rows were sections taken 1 and
2 mm, respectively, above the tight junctions, as defined by ZO-1. The third row is at
the level of the tight junctions. The fourth row is at the middle of the nucleus,
whereas the fifth row is beneath the nucleus. The bottom row shows vertical (X–Z)
sections through the cell. (B) The cells were biotinylated at 4°C and then either
exposed or not exposed to dIgA at 4°C, corresponding to stages A and B of the
postmicrotubule-dependent assay. Stage C was omitted. As in stage D, the cells were
then either treated or not treated with nocodazole for 1 h at 4°C. The cells were finally
warmed at 37°C for 35 min to allow the apical transport of the pIgR, as in stage E of
the postmicrotubule-dependent assay. Usually stage E is a 20-min step, but we chose
35 min to compensate for the 15 min of stage C that was omitted. n 5 2; p . 0.5 for
all samples.
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pIgR complexes present at the basolateral surface,
which results in the transmission of the information
across the cell to the PMC, where the signal stimulates
movement of other dIgA–pIgR complexes to the apical
surface.

To distinguish between these two possible mecha-
nisms, we included the V8 protease in the basolateral
medium during stage E, i.e., the second incubation at
37°C when pIgR is chased from the PMC to the apical
surface (Figure 4). As previously shown, these proteo-
lytic conditions efficiently cleave any dIgA–pIgR com-
plexes that are present at (or recycle through) the
basolateral surface (Apodaca et al., 1994). It should be
noted that during stage E, vesicular traffic of dIgA–
pIgR between the BEE and PMC is effectively blocked
by the previous depolymerization of microtubules. If
dIgA–pIgR complexes in the PMC produced the sig-
nal, then transcytosis should still be stimulated, de-
spite the destruction of the basolateral dIgA–pIgR
complexes. However, because the V8 protease blocks
stimulation (Figure 4), we conclude that the basolat-
eral dIgA–pIgR complexes produce the signal that
stimulates the postmicrotubule-dependent step of
transcytosis.

One potential problem with this experiment is that
the V8 protease treatment can cleave other proteins at
the basolateral surface and thus could possibly have
unforeseen effects on the cell. To strengthen our con-
clusion, we next performed the opposite experiment.

Ordinarily, dIgA is included only during stage B,
when pIgR at the basolateral surface and/or recycling
from the BEE can bind to this dIgA. Stimulation at-
tributable to this standard addition is indicated by
1dIgA in Figure 5. We now also included dIgA in the
basolateral medium during stage E, i.e., after the no-
codazole treatment and during the movement from
the PMC to the apical surface of dIgA–pIgR already
present in the PMC. The addition of basolateral dIgA
during stage E is indicated by 11dIgA in Figure 5 and
caused an additional stimulation of transcytosis. An
IgG control was also present in both steps (11IgG)
had no effect. We therefore conclude that the signal of
stimulation originates from the basolateral surface and
can travel across the cell to stimulate the apical trans-
port of the pIgR present in the PMC. We have previ-
ously reported that stimulation by dIgA added in
stage B at the beginning of the assay is blocked by a
variety of inhibitors of PTKs, including PP1, which is
highly specific for the src family members (Hanke et
al., 1996; Luton et al., 1998). Figure 5 shows that the
additional stimulation caused by the addition of dIgA
in stage E is also blocked by this inhibitor, confirming
that tyrosine kinase activity is necessary for this stim-
ulation. Similar results were obtained with genistein
or herbimycin (our unpublished results).

Taken together, Figures 4 and 5 show that dIgA
binding to pIgR at the basolateral surface and/or BEE
sends a PTK-dependent signal across the cell to stim-

Figure 3. dIgA but not IgG stim-
ulates pIgR transcytosis. (A) Cells
were treated according to the pro-
tocol presented in Figure 1. (B)
Quantitation of the apical trans-
port of pIgR in the presence of
dIgA or IgG or medium alone
added at stage B. These data are
essentially a confirmation of pre-
viously published results and are
presented here to provide a basis
for comparison of subsequent ex-
periments. n 5 12; p , 0.002 for
1dIgA; p . 0.5 for 1IgG.
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ulate pIgR movement from the PMC to the apical
surface. We term this process a “signal of stimula-
tion.” Transmission of this signal originating from the
basolateral surface is not blocked by nocodazole-in-
duced microtubule depolymerization and is therefore
independent of the movement of pIgR from the baso-
lateral surface to the PMC.

Role of Calcium in the Signal of Stimulation
The signal of stimulation is capable of moving
across the cell, even when movement of the pIgR in
vesicles is blocked by depolymerization of microtu-
bules. We reported previously that both the PKC
activator PMA and the calcium ATPase inhibitor
thapsigargin were independently able to stimulate
dIgA transcytosis (Cardone et al., 1994, 1996). Addi-
tionally, neither PMA nor the calcium ionophore
ionomycin, used at low concentrations (20 nM and
500 nM respectively), stimulated transcytosis but
when used together gave a synergistic stimulation
(Luton et al., 1998). Moreover, we reported that
dIgA triggers the activation of PLCg1, stimulates
production of IP3, causes an increase of [Ca11]i, and
activates the PKC (Cardone et al., 1996). This sug-
gests that the PLCg1 signaling pathway is involved
in stimulation of transcytosis, but does not establish

which elements of the pathway are truly required
for stimulation. In this study we attempted to de-
termine whether calcium and IP3 are in fact a re-
quired part of the signal of stimulation.

A rise in [Ca11]i can be due to either an influx of
calcium from the extracellular medium or release from
intracellular stores or both. We previously showed
that thapsigargin was able to stimulate transcytosis
(Cardone et al., 1996). Even in the presence of low
extracellular calcium (50 nM), which presumably re-
duces influx of calcium from outside the cell, thapsi-
gargin is still capable of stimulating transcytosis (our
unpublished data), suggesting that calcium from in-
tracellular stores is capable of supporting stimulation
of transcytosis.

Epithelial cells are known to express the two types
of channels responsible for intracellular release of
calcium, i.e. the ryanodine receptor and IP3 receptor
(IP3R) channels. Both receptors are localized to the
apical region of the cell and are candidates for the
receptor system that is involved in elevation of
[Ca11]i (Bush et al., 1994; Haller et al., 1996; Tunwell
and Lai, 1996; Lee et al., 1997). The IP3R can be
specifically blocked by the new cell-permeable IP3R
inhibitor xestospongin C (Gafni et al., 1997). As
shown in Figure 6, xestospongin C completely

Figure 4. Basolateral V8 protease
exposure of the cells prevents dIgA
stimulation of pIgR transcytosis. (A)
The cells were treated according to
the protocol presented in Figure 1
with the modification shown and de-
scribed in the text. V8 protease was
included in stages D and E in all sam-
ples. (B) Quantitation of the apical
transport of pIgR in the presence of
dIgA or medium alone added at
stage B. n 5 5; p . 0.5 for 1dIgA.
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blocked the stimulation of pIgR apical transport by
dIgA, suggesting that the IP3R is required for stim-
ulation of transcytosis. As a control we found that
xestospongin C did not alter endocytosis of dIgA by
pIgR at the basolateral surface (our unpublished
data). Consistent with the proposed involvement of
the IP3R, we found that several inhibitors report-
edly specific for the ryanodine receptor (ryanodine
up to 50 mM, caffeine up to 1 mM, or ruthenium red
up to 50 mM) had no effect on dIgA stimulation of
transcytosis (our unpublished results).

As mentioned above, we have previously shown
that a sufficient elevation of [Ca11]i can itself stimu-
late transcytosis of the ligand. We therefore investi-
gated the possibility that an elevation of [Ca11]i acts
specifically as a signal of stimulation of receptor trans-
cytosis. To study just the effect of calcium, we ana-
lyzed cells expressing the wild-type pIgR after pre-
treatment with the PTK inhibitor PP1, which
abrogates the production of the signal of stimulation
when dIgA is included.

As described earlier, pIgR loaded with dIgA from
the basolateral surface is stimulated (dIgA), and this
stimulation is blocked by the tyrosine kinase inhibitor
PP1 (dIgA 1 PP1; Figure 7A). Loading with dIgA and
then adding ionomycin (dIgA 1 Iono) does not sig-
nificantly further stimulate transcytosis, most likely
because the maximum level of transcytosis has al-
ready been reached. However, PP1 does not block the
stimulation from ionomycin for dIgA-loaded pIgR
(dIgA 1 Iono 1 PP1). This is consistent with the idea
that elevation of [Ca11]i by ionomycin is itself suffi-

cient to provide the signal of stimulation by bypassing
the requirement for PTK.

Importantly, Figure 7A also shows that raising the
[Ca11]i with ionomycin, in the absence of dIgA, does
not stimulate pIgR transcytosis (Iono). Rather, stimu-
lation of transcytosis requires both ionomycin and
dIgA binding. When both are present, stimulation
occurs, even in the presence of PP1. This result is
surprising and suggests that in addition to the signal
of stimulation provided by increasing the [Ca11]i, a
second signal is required to achieve dIgA-stimulated
transcytosis of pIgR. This second signal does not seem
to require PTK activity, because it can occur even in
the presence of PP1 (Figure 7A, dIgA 1 Iono 1 PP1).

To investigate this further, we used a mutant pIgR
that is truncated after residue 725 (pIgR-725t) and is
thus lacking the C-terminal 30 residues. We recently
reported that pIgR-725t is unable to cause tyrosine
phosphorylation upon dIgA binding, is defective in
dIgA transcytosis, and is unable to undergo dIgA-
stimulated transcytosis (Luton et al., 1998). As
shown in Figure 7B, neither ionomycin nor dIgA
alone is capable of stimulating transcytosis of the
pIgR-725t kinase-deficient mutant. However, the
combination of ionomycin and dIgA does stimulate
transcytosis of pIgR-725t. Taken together, these ex-
periments suggest that the signal of stimulation can
be provided by raising [Ca11]i with ionomycin, un-
der conditions in which the normal production of
this signal is blocked either by PP1 or by a mutation
in the pIgR kinase-dependent domain. In addition,
these results indicate that dIgA binding provides a

Figure 5. Basolateral dIgA stim-
ulates apical transport of pIgR.
(A) The cells were treated accord-
ing to the protocol presented in
Figure 1 with the modifications
shown and described in the text.
(B) Quantitation of the apical
transport of pIgR in the presence
or absence of dIgA added at stage
B or in the presence of basolateral
dIgA or IgG at stages B and E. n 5
5; p , 0.003 for 1dIgA; p , 0.001
for 11dIgA; p . 0.5 for 11IgG
and 11IgA 1 PP1.
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second signal that is not dependent on PTK activa-
tion, because it is neither sensitive to the PTK inhib-
itor nor abrogated by the deletion of the domain
required for kinase activation. Because this second
signal is independent of PTK activation but is nec-

essary for a response to the PTK-dependent signal
of stimulation, we propose that it is a signal or
process of sensitization. This hypothesis is exam-
ined in more detail below.

Sensitization
The evidence presented thus far indicates that the
kinase-dependent signal of stimulation is not intrinsic
to the dIgA–pIgR complex; i.e., it can move across the
cell from the basolateral surface to the PMC even
when movement of the dIgA–pIgR complex is blocked
by nocodazole. This signal is blocked by xestospongin
C and can be substituted for by an elevation of
[Ca11]i. Moreover, dIgA binding seems to provide an
additional signal of sensitization that is kinase-inde-
pendent. Although dIgA binding to pIgR provides
this signal of sensitization, it is not known whether the
pIgR molecules present in the PMC, which undergo
the stimulation of transcytosis, must be bound to
dIgA. We therefore specifically tested in our postmi-
crotubule-dependent assay whether empty pIgR and
dIgA–pIgR complexes present in the PMC were
equally competent to respond to the kinase-dependent
signal of stimulation. To address this question we
modified our assay by omitting dIgA from stage B,
resulting in biotinylated pIgR present in the PMC not
being bound to dIgA. Instead, dIgA was included only
in stage E, in which it could bind to pIgR confined to
the basolateral surface and BEE but could not move to
the PMC because of to the nocodazole block. Under
these conditions (designated 1dIgA stage E in Figure
8) there was no stimulation, despite the fact that we
showed in Figure 5 that adding dIgA during stage E
generated an active signal of stimulation. This con-
firms that the signal of stimulation is alone not suffi-
cient to cause the stimulation seen in step 3 of trans-
cytosis. Rather, to respond to the signal of stimulation,

Figure 6. The increase of intracellular calcium concentration stim-
ulated by dIgA is controlled by the IP3-R. MDCK cells expressing
pIgR-WT were submitted to the postmicrotubule-dependent assay
as presented in Figure 1. As described in MATERIALS AND METH-
ODS, the assay in this figure as well as Figures 6 and 9 was
simplified by omitting the nocodazole incubation (stage D) and
combining stages C and E into one incubation at 37°C for 30 min.
When indicated the cells were exposed basolaterally to dIgA at
stage B. When indicated cells were pretreated with xestospongin C
(10 mM) 30 min before biotinylation. The drug was also present
throughout the assay. n 5 3; p , 0.001 for dIgA; p . 0.5 for Xest and
dIgA 1 Xest.

Figure 7. Ionomycin stimulates apical
transport of pIgR–dIgA complexes even
in the absence of dIgA-induced PTK
stimulation. MDCK cells expressing
pIgR-WT (A) or pIgR-725t (B) were sub-
mitted to the simplified postmicrotu-
bule-dependent assay. Where indicated
the cells were exposed basolaterally to
dIgA at stage B, to ionomycin (1 mM) at
stage C, and/or to PP1 (10 mM) 1 h
before and throughout the assay. n 5 4;
at least p , 0.005 for dIgA, 1dIgA 1
Iono, and dIgA 1 iono 1 PP1 in A and
1dIgA 1 Iono in B; at least p . 0.5 for
Iono and dIgA 1 PP1 in A and for Iono
and dIgA in B.
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the pIgR in the PMC must somehow be sensitized by
its binding to dIgA. This provides additional evidence
for the hypothesis that there is a process of sensitiza-
tion that requires dIgA binding to pIgR.

We and others have shown that apically internal-
ized dIgA reaches the PMC. In fact, the apical recy-
cling endosome was originally described as a com-
partment where the dIgA internalized from both
surfaces of the cell meet and from where the apically
internalized dIgA recycles to the apical surface
(Apodaca et al., 1994; Barroso and Sztul, 1994; Gib-
son et al., 1998). We therefore investigated whether
the movement of apically internalized dIgA–pIgR
complexes from the PMC back to the apical surface
could respond to the signal of stimulation transmit-
ted from dIgA–pIgR complexes at the basolateral
surface. To test this model, we modified our assay as
follows. In stage A, pIgR was biotinylated at the
apical but not the basolateral surface. In stage B,
dIgA was included only in the apical medium so
that the apical biotinylated pIgR could bind to dIgA
(Figure 9, 1 Apical dIgA). The 2dIgA control omit-
ted dIgA from the apical medium. In stage E dIgA
was included in the basolateral medium to provide
the signal of stimulation to the dIgA–pIgR present
in the PMC (Figure 9, 1Apical dIgA 1 dIgA stage
E). As shown in Figure 9, when the pIgR was loaded
with dIgA at the apical surface, the dIgA–pIgR com-
plex was unable to respond to the signal of stimu-
lation coming from dIgA–pIgR complexes at either
the basolateral surface or BEE. This result is surpris-

ing, because dIgA–pIgR complexes coming from
both surfaces have been shown to largely colocalize,
based on both confocal microscopy and HRP-medi-
ated cross-linking (Apodaca et al., 1994; Barroso and
Sztul, 1994; Gibson et al., 1998). Our results show
that the dIgA–pIgR complexes coming from the two
surfaces are not equivalent. Rather, sensitization of
the pIgR requires that it binds to dIgA exclusively at
the basolateral surface and then moves across the
cell to the PMC to be able to respond to the signal of
stimulation. This suggests that the pIgR complexes
must undergo some sort of modification (not neces-
sarily covalent) at the basolateral surface. Because
sensitization moves with the pIgR, rather than act-
ing in trans, it may be more appropriate to refer to
sensitization as a “process” rather than a true signal.

Dimerization of pIgR Is Required for the Signal of
Sensitization
We have previously demonstrated that binding of
dIgA to the pIgR induces dimerization and that this
dimerization is necessary to stimulate pIgR transcyto-
sis (Singer and Mostov, 1998). Therefore, we decided
to investigate the role of this pIgR dimerization in
sensitization. The role of dimerization of the pIgR in
transcytosis was analyzed by constructing chimeric
pIgRs that either forced the dimerization of pIgR or
prevented dimerization. The transmembrane domain
(TMD) of glycophorin A has been extensively studied
and has been shown to form very stable homodimers,

Figure 8. Basolateral dIgA stimu-
lates apical transport of pIgR–dIgA
complexes only. (A) Cells were
treated according to the protocol
presented in Figure 1 with the mod-
ification shown and described in
the text. (B) Quantitation of the api-
cal transport of pIgR in the pres-
ence of dIgA or medium alone
added at stage B or dIgA added
only at stage E. n 5 4; p , 0.001 for
1dIgA; p . 0.5 for 1dIgA stage E.
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even when transplanted into chimeric membrane pro-
teins. Specific point mutations in the glycophorin A
TMD strongly prevent dimerization (Lemmon et al.,
1992). We made chimeras of pIgR containing either the
wild-type glycophorin TMD or a nondimerizing mu-
tant, designated pIgR-GpA G83A (Singer and Mostov,
1998). As seen in Figure 10B, pIgR-GpA G83A does
not undergo stimulated transcytosis in the presence of
ionomycin, dIgA, or even dIgA and ionomycin to-
gether. In contrast, the chimera with the wild-type
TMD (pIgR-GpA) undergoes stimulation by ionomy-
cin, dIgA, or a combination of the two (Figure 10A).
The degree of stimulation is small, because of the high

level of background transcytosis even in the absence
of stimulation, but is nevertheless statistically signifi-
cant. These results suggest that dimerization is neces-
sary for a response to the bypass signal of elevated
[Ca11]i provided by ionomycin and therefore is nec-
essary for sensitization.

Our data are most easily explained by a model in
which there are two signals. The signal of stimulation
is emitted by dIgA–pIgR at the basolateral surface,
depends on a tyrosine kinase activity, and can travel
across the cell in a microtubule-independent manner.
This signal of stimulation is therefore likely to be
independent of movement of the pIgR itself across the

Figure 9. Basolateral dIgA
stimulates apical transport of
pIgR–dIgA complexes formed
only at the basolateral surface.
(A and B) Modifications made
to the protocol presented in Fig-
ure 1 and described in the text.
In this experiment we followed
the apical transport of a pool of
pIgR biotinylated and endocy-
tosed into the PMC from the
apical surface. (C) Quantitations
of the apical transport of pIgR in
the presence of dIgA, medium
alone added apically at stage B,
or dIgA added both apically at
stage B and basolaterally at
stage E. n 5 3; p . 0.5 for 1Api-
cal dIgA and 1Apical dIgA/
1dIgA stage E.

Figure 10. pIgR dimerization is re-
quired to respond to the signal of stim-
ulation. MDCK cells expressing pIgR-
GpA (A) or pIgR-GpA G83A (B) were
submitted to the simplified postmicro-
tubule-dependent assay. When indi-
cated the cells were exposed basolater-
ally to dIgA at stage B and/or to
ionomycin (1 mM) at stage C. (A) n 5 3;
p , 0.005 for Iono and dIgA 1 Iono;
p , 0.01 for dIgA. (B) n 5 3; p . 0.5 for
Iono, dIgA, and dIgA 1 Iono.
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cell. This signal is most likely due to an increase in
[Ca11]i. In contrast, the signal or process of sensitiza-
tion requires pIgR binding to dIgA at the basolateral
surface (not the apical surface), and depends on the
dIgA–pIgR complex being located in the PMC. Sensi-
tized pIgR in the PMC can receive the signal of stim-
ulation sent by dIgA–pIgR located at the basolateral
surface. This signal is dependent on pIgR dimerization
in response to dIgA binding.

Genetic Analysis and Complementation of the Two
Signals
An advantage of the pIgR system is that we have
previously constructed and analyzed a large number
of mutations in the C-terminal, cytoplasmic domain of
the pIgR, which consists of residues 653–755. We re-
cently reported that a receptor truncated after residue
725 (pIgR-725t) is unable to cause tyrosine phosphor-
ylation upon dIgA binding and is defective in dIgA-
stimulated pIgR transcytosis (Luton et al., 1998). The
mutant pIgR-725t might therefore be defective in pro-
ducing this signal of stimulation. Our aim then was to
identify a mutant pIgR defective in the signal of sen-
sitization. We screened for mutants that would be
unable to respond to dIgA stimulation in our postmi-
crotubule-dependent assay but were still able to stim-
ulate tyrosine phosphorylation upon binding to dIgA.
In a preliminary screen using mutants containing
large deletions of the cytoplasmic domain, we found a
mutant lacking the basolateral targeting signal (dele-
tion of residues 655–670) that met these criteria (our
unpublished data). This region has previously been
subjected to an Ala scan, which showed that residue
Arg-657 was required for basolateral targeting (Aroeti
and Mostov, 1994). We found that this point mutant
(pIgR-A657) also fulfilled the criteria for a defect in
sensitization. The analysis of transcytosis of this mu-
tant by the postmicrotubule-dependent assay showed
that the constitutive transport from PMC to apical
surface is comparable with that of the wild-type re-
ceptor but that dIgA did not stimulate the apical trans-
port of pIgR-A657 (Figure 11A). Figure 11B shows that
dIgA binding to pIgR-A657 causes transient tyrosine
phosphorylation of the same group of proteins as does
the wild-type pIgR. These transiently phosphorylated
proteins are identified by the arrows in Figure 11B.
Figure 11C shows that pIgR-A657 is also capable of
triggering the tyrosine phosphorylation of PLCg1.

These data are consistent with the hypothesis that
pIgR-A657 is deficient in the process of sensitization.
This is in contrast to pIgR-725t, which is apparently
defective in the signal of stimulation. Because the two
signals, sensitization and stimulation, require different
portions of the pIgR cytoplasmic domain, this pro-
vided an opportunity to test our two signal hypothesis
by genetic complementation. We therefore con-

structed clonal MDCK cell lines simultaneously ex-
pressing both pIgR-A657 and pIgR-725t. Our hypoth-

Figure 11. dIgA binding to pIgR-A657 stimulates PTK activation
but not step 3 of transcytosis. (A) Quantitations of the postmicro-
tubule-dependent assay performed according to the protocol pre-
sented in Figure 1 with MDCK cells expressing either pIgR-WT or
pIgR-A657. (B) After exposure to dIgA (0.3 mg/ml) for the indicated
period, the cells were lysed, and the lysates immunoprecipitated
with a specific anti-phosphotyrosine mAb (4G10). The immunopre-
cipitates were resolved on SDS-PAGE, the gel was transferred to a
PVDF membrane, and the membrane was probed with the anti-
phosphotyrosine antibody. The arrows indicate bands that exhibit
an increase in tyrosine phosphorylation. (C) After a 30-s exposure to
dIgA (0.3 mg/ml), the cells were lysed, and the lysates were immu-
noprecipitated with a mixture of monoclonal anti-PLC-g1 antibod-
ies. The immunoprecipitates were resolved on SDS-PAGE, the gel
was transferred to a PVDF membrane, and the membrane was first
probed with the anti-phosphotyrosine antibody (top gels). After
stripping, the membrane was reprobed with the same anti-PLC-g1
mAbs (bottom gels).
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esis predicted that coexpression of these two mutants
would permit sensitized pIgR-725t in the PMC to re-
spond to the signal of stimulation produced by pIgR-
A657 at the basolateral surface or BEE. If the hypoth-
esis were correct, dIgA-stimulated transcytosis of
pIgR-725t would be rescued by coexpression of pIgR-
A657. A potential complication is that the pIgR dimer-
izes upon dIgA binding (Singer and Mostov, 1998),
which might result in the assembly of heterodimers
consisting of pIgR-A657 and pIgR-725t. These het-
erodimers could rescue transcytosis by direct associa-
tion of the two mutant molecules, rather than by trans-
mission of a signal between molecules located at
opposite sides of the cell. To circumvent this problem,
we chose two clonal MDCK cell lines in which ;5% of
the pIgR on the basolateral surface was pIgR-A657
and the remaining 95% was pIgR-725t. (These values
were determined by biotinylation of pIgR at the baso-
lateral surface.) In these clones, at most 5% of the
pIgR-725t could be rescued by direct binding to pIgR-
A657.

In our assay, we analyzed the ability of pIgR-A657
to send the signal of stimulation to dIgA–pIgR-725t
complexes located in the PMC. To distinguish pIgR-
A657 from pIgR-725t, we took advantage of the fact
that pIgR-725t has lost the epitope recognized by the
mAb SC166, which is specific for the C-terminal por-
tion of pIgR. We successively immunoprecipitated
pIgR-A657 with SC166 and then immunoprecipitated
pIgR-725t with a sheep polyclonal anti-SC serum. The
results are shown in Figure 12. In the control cells
expressing pIgR-725t alone, dIgA did not stimulate
the postmicrotubule step of transcytosis (Figure 12A).
In contrast, in cells coexpressing pIgR-725t and pIgR-
A657, addition of dIgA led to a dramatic stimulation
of transcytosis of pIgR-725t (Figure 12B). This stimu-
lation was completely sensitive to PP1, indicating that
it required tyrosine kinase activity, much like the stim-
ulation of transcytosis using the wild-type pIgR (Fig-
ure 12B). Similar results were obtained with a second

independent MDCK clone coexpressing pIgR-725t and
pIgR-A657 (our unpublished results). The stimulation
in Figure 12B was in fact greater than that usually seen
with the wild-type pIgR. The reason for this is un-
known, but it may be that the loss of the C-terminal 30
residues makes the pIgR-725t “supersensitized.” Al-
ternatively it may be that when the pIgR-725t is unable
to produce the signal of stimulation, it accumulates
excessively in the PMC, and its rate of transcytosis is
then highly triggered by the signal from pIgR-A657.

DISCUSSION

The pIgR and MDCK cells have long been a system of
choice for studying protein sorting in epithelial cells,
particularly the transcytosis of proteins across cells.
Here we show that they also represent a powerful
system for studying compartmentalization and spatial
transmission of signals, particularly the movement of
information across the cell. In this model system, bind-
ing of dIgA to pIgR at the basolateral surface stimu-
lates the transcytosis of dIgA/pIgR complexes from
the PMC to the apical surface. We have used a variety
of approaches to reveal a system that uses two signals,
stimulation and sensitization. These signals move
across the cell in very different ways and provide for
specific crosstalk between pIgRs located at the baso-
lateral surface and in the PMC.

Stimulation
The signal of stimulation involves a pathway that
begins with the binding of dIgA to pIgR, which in-
duces rapid and transient tyrosine phosphorylation of
several proteins, including PLCg1. Because the pIgR
itself lacks intrinsic kinase activity and is not phos-
phorylated on tyrosine, we suggest that it interacts
(probably via an intermediate protein) with a nonre-
ceptor tyrosine kinase, most likely the src family.
Truncation of the last 30 amino acids of the cytoplas-

Figure 12. dIgA stimulation of pIgR-
725t is restored by coexpression of pIgR-
A657 in a PTK-dependent-manner.
MDCK cells expressing pIgR-725t alone
(A) or coexpressing both pIgR-725t and
pIgR-A657 (B) were submitted to the
postmicrotubule-depenedent assay pre-
sented Figure 1 with or without 1-h pre-
treatment of the cells with the PTK in-
hibitor PP1 (10 mM) before biotinylation
(stage A). The drug was also present
throughout the assay. In the cotrans-
fected clone 96.5% of total pIgR present
at the basolateral surface was pIgR-725t,
and 3.5% was pIgR-A657, as indicated
in parentheses. n 5 8; p , 0.001 for
1dIgA in B; p . 0.5 for the other sam-
ples in A and B.
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mic domain of the pIgR prevents kinase activation and
subsequent signaling steps, along with dIgA-stimu-
lated transcytosis of pIgR. Similarly, the blocking of
tyrosine kinase activity by selective inhibitors indi-
cates that a tyrosine kinase activity is required for
stimulation of transcytosis (Luton et al., 1998).

As previously shown, phosphorylation of PLCg1
causes production of IP3, elevation of [Ca11]i, and
activation of PKC. We now report that the calcium
comes from IP3-sensitive stores, as indicated by the
block of stimulation by the specific IP3R calcium chan-
nel inhibitor xestospongin C, and that elevation of
[Ca11]i is required for stimulation of transcytosis. Fur-
thermore, artificial elevation of [Ca11]i by ionomycin
bypasses the lack of tyrosine kinase activation exhib-
ited either by the pIgR-725t or by pharmacological
inhibition of tyrosine kinase activity.

Movement of pIgR from the BEE to the PMC (as well
as other molecules such as Tf receptor) is blocked by
microtubule depolymerization (Hunziker et al., 1990;
Apodaca et al., 1994; Gibson et al., 1998). Our modified
assay in contrast shows that movement of the signal of
stimulation across the cell is not impeded by microtu-
bule depolymerization. Once dIgA–pIgR complexes
had reached the PMC and microtubules had been
depolymerized, destruction of dIgA–pIgR complexes
with basolaterally applied protease blocked the stim-
ulation. Formation of more dIgA–pIgR complexes by
addition of further basolateral dIgA increased the
stimulation. The most likely mechanism for move-
ment of this signal is therefore the diffusion of IP3
from the basolateral surface and/or BEE, where it is
presumably produced, to the apical region of the cy-
toplasm. Unlike calcium, which cannot rapidly diffuse
through the cytosol, IP3 is capable of rapid diffusion
(Thomas et al., 1996). The IP3 then acts on IP3Rs that
regulate the release of calcium stores, which are lo-
cated in the apical region of epithelial cells. Indeed, in
epithelial cells (including MDCK cells) in addition to
the endoplasmic reticulum there exist endosomal and
lysosomal calcium stores, which are regulated in a
complex manner by at least three IP3R and the two
ryanodine receptor isoforms (Tunwell and Lai, 1996;
Lee et al., 1997; Yamamoto-Hino et al., 1998).

Sensitization
The most surprising result was that dIgA binding to
pIgR resulted in a distinct and novel signal or process,
which we call sensitization. This was first suggested
by the finding that ionomycin alone failed to stimulate
transcytosis of the pIgR in the absence of dIgA bind-
ing. Additional evidence was obtained by modifying
our assay. We found that the pIgR in the PMC must
first be loaded with dIgA for it to respond to the signal
of stimulation; i.e., empty pIgR in the PMC is not
sensitized. This indicates that the signal of sensitiza-

tion must be physically carried by the pIgR across the
cell, from the basolateral surface and/or BEE to the
PMC. Unlike diffusion of IP3, this movement involves
microtubule-dependent vesicular traffic. We then used
genetics to confirm this conclusion. Whereas the signal
of stimulation is eliminated by truncation of the pIgR
cytoplasmic tail after residue 725, sensitization is
blocked by mutation of residue 657. Coexpression of
the two mutants enables the pIgR-A657 to rescue the
stimulated transcytosis of pIgR-725t. The finding of
distinct structural requirements for the two signals
and the ability of the mutants to complement is par-
ticularly strong evidence for our two-signal model.
This is reminiscent of results from kinase-deficient
EGFR, which lacks EGF-induced down-regulation.
Down-regulation of this mutant was partially rescued
by cotransfection with a kinase-active EGFR (Honeg-
ger et al., 1990). Binding of dIgA to pIgR causes dimer-
ization of the pIgR. This was directly shown using a
chimera of the pIgR and the cytoplasmic domain of
the zeta chain of the T cell receptor, which provided a
dimerization sensitive readout (Singer and Mostov,
1998). Moreover, when we prevented dimerization of
the pIgR, by using a chimera containing a mutant
GlyTMS, sensitization was prevented. This leads us to
believe that dIgA-induced dimerization is necessary
for the signal of sensitization.

dIgA–pIgR complexes can be endocytosed from ei-
ther surface of the cell and become colocalized in the
PMC. However, we showed that dIgA–pIgR com-
plexes endocytosed from the apical surface did not
respond to the signal of stimulation. This implies that
in the PMC, dIgA–pIgR complexes that originate at
the two surfaces are not equivalent. There are other
indications reported previously that dIgA–pIgR com-
plexes originating at the two surfaces are not identical.
For instance, transcytosis of dIgA–pIgR from the PMC
to the apical surface requires N-ethylmaleimide–sen-
sitive factor but does not use syntaxin 3. In contrast,
recycling of apically internalized dIgA–pIgR from the
PMC back to the apical surface does use syntaxin 3 but
apparently does not require N-ethylmaleimide–sensi-
tive factor (Apodaca et al., 1996; Low et al., 1998).
Furthermore, these two processes differ in their sensi-
tivity to brefeldin A (Barroso and Sztul, 1994).

One possible mechanism for our results is that sen-
sitization is due simply to dimerization of the pIgR.
However, dimerization alone cannot completely ac-
count for these data. For example, binding of dIgA to
the pIgR at the apical plasma membrane does not lead
to sensitization. There may be a mechanism that al-
lows dIgA to induce pIgR dimerization at the basolat-
eral surface but prevents this dimerization at the api-
cal surface. Such a mechanism might involve, for
instance, interaction of the pIgR with a protein or lipid
found uniquely at one surface of the cell or the other.
In our opinion this would essentially be part of the

F. Luton and K.E. Mostov

Molecular Biology of the Cell1424



process of sensitization and, in any case, indicates that
dimerization alone is not sufficient to account for sen-
sitization.

We think it is more likely that dimerization occurs
equally on both membranes, as it does on the surface
of Jurkat cells (Singer and Mostov, 1998). We therefore
speculate that the basolateral specificity of the signal
of sensitization is provided by a basolateral specific
event occurring in response to dIgA binding and pIgR
dimerization. One possibility is that pIgR coming from
one side or the other undergoes a specific posttrans-
lational modification. Although phosphorylation of
pIgR has been shown to control its trafficking, this is
unlikely to account for the differences. The two major
sites of phosphorylation of the pIgR are at Ser-664 and
Ser-726, and mutation of either or both does not block
the ability of pIgR to undergo dIgA stimulated trans-
cytosis (Song et al., 1994a; Luton et al., 1998). We
cannot rule out a minor site of phosphorylation or a
different type of modification. However, we speculate
that the cytoplasmic domain of the dIgA–pIgR com-
plex associates with an unidentified protein at the
basolateral surface. This associated protein may then
travel with the pIgR to the PMC and initiate the signal
of sensitization. In this model, dimerization of the
pIgR is necessary for association with this as yet un-
identified other protein. We note that there are paral-
lels between the pIgR and several other receptors,
such as EGFR, platelet-derived growth factor receptor,
c-fms, or InsR. In all cases, their intrinsic tyrosine
kinase activity is necessary for proper trafficking of the
receptor (Felder et al., 1990; Carlberg et al., 1991; Sorkin
et al., 1991; Carpentier et al., 1993). However, in all
reported cases, at least two distinct regions of the
cytoplasmic domain of each receptor are needed for
proper trafficking (Carlberg et al., 1991; Carpentier et
al., 1993; Joly et al., 1994; Opresko et al., 1995). One of
the regions generates a signal of stimulation, which in
the case of receptor tyrosine kinases, is a tyrosine
kinase domain. In the case of the pIgR, this seems to
involve the last 30 amino acids of the cytoplasmic
domain, which mediates an interaction with a nonre-
ceptor tyrosine kinase. Another region(s) is needed for
the receptor to respond to the signal appropriately, i.e.,
to undergo endocytosis, down-regulation, or transcyto-
sis, depending on the particular receptor. This may
therefore be viewed as a signal of sensitization.

Currently a central question in cell biology is how
specificity in signaling can be maintained in the com-
plex signaling networks that exist in an epithelial cell.
The involvement of two separate signals of stimula-
tion and sensitization for dIgA-stimulated pIgR trans-
cytosis provides a possible mechanism for increasing
specificity in signaling pathways. For instance, we
showed previously that although binding of dIgA to
basolateral pIgR activates a signaling pathway that
can act at the PMC, transcytosis of Tf in the PMC to the

apical surface is not stimulated (Apodaca et al., 1994). We
believe this is because the Tf receptor was not sensitized
to respond to this signal. Similarly, although binding of
hepatocyte growth factor to its receptor, the c-Met ty-
rosine kinase, stimulates its intrinsic tyrosine kinase ac-
tivity and leads to activation of PLCg1 and IP3 produc-
tion (Okano et al., 1993; Ponzetto et al., 1994), it does not
stimulate transcytosis of pIgR (our unpublished results).
Here again, we speculate that it is presumably because
the pIgR is not sensitized by the hepatocyte growth
factor. The involvement of two signals in pIgR transcy-
tosis may serve as a model for a more general principle
of signal transduction that acts to maintain specificity
between the stimulus and the final response.
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