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Madin-Darby canine kidney (MDCK) cells expressing constitutively active Racl (Rac1V12) accu-
mulate a large central aggregate of membranes beneath the apical membrane that contains
filamentous actin, Rac1V12, rab11, and the resident apical membrane protein GP-135. To examine
the roles of Racl in membrane traffic and the formation of this aggregate, we analyzed endocytic
and biosynthetic trafficking pathways in MDCK cells expressing Rac1V12 and dominant inactive
Racl (RacIN17). Rac1V12 expression decreased the rates of apical and basolateral endocytosis,
whereas RacIN17 expression increased those rates from both membrane domains. Basolateral-
to-apical transcytosis of immunoglobulin A (IgA) (a ligand for the polymeric immunoglobulin
receptor [pIgR]), apical recycling of pIgR-IgA, and accumulation of newly synthesized GP-135 at
the apical plasma membrane were all decreased in cells expressing Rac1V12. These effects of
Rac1V12 on trafficking pathways to the apical membrane were the result of the delivery and
trapping of these proteins in the central aggregate. In contrast to abnormalities in apical trafficking
events, basolateral recycling of transferrin, degradation of EGF internalized from the basolateral
membrane, and delivery of newly synthesized pIgR from the Golgi to the basolateral membrane
were all relatively unaffected by Rac1V12 expression. Rac1N17 expression had little or no effect on
these postendocytic or biosynthetic trafficking pathways. These results show that in polarized
MDCK cells activated Racl may regulate the rate of endocytosis from both membrane domains
and that expression of dominant active Rac1V12 specifically alters postendocytic and biosynthetic
membrane traffic directed to the apical, but not the basolateral, membrane.

INTRODUCTION

molecules that can adjust cellular functions in response to a
variety of extracellular signals (Van Aelst and D’Souza-

The compartmentalized nature of the eukaryotic cell re-
quires a highly regulated protein trafficking system to estab-
lish and maintain membrane, organellar, and cellular iden-
tity (Mostov and Cardone, 1995). As a result, the quality and
quantity of biosynthetic and endocytic traffic must be capa-
ble of changing in response to extracellular signals. The Rho
family of small GTPases represents an important class of
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Schorey, 1997). This family currently comprises at least
seven members and their isoforms (Mackay and Hall, 1998):
Rho (A and B isoforms), Rac (1 and 2 isoforms), Cdc42
(Cdc42Hs and G25K isoforms), RhoD, RhoG, RhoE, and
TCI10. Initially, Rho family members were shown to regulate
the formation of specialized actin structures in the cell:
RhoA controls the formation of stress fibers and focal adhe-
sion (Ridley and Hall, 1992), Racl directs lamellipodia for-
mation (Ridley et al., 1992), and Cdc42 modulates the assem-
bly of filopodia (Kozma et al., 1995). In addition, it is now
clear that the Rho family of GTPases controls diverse cellular
events, including transcription, cell growth, development,
and membrane traffic (Vojtek and Cooper, 1995; Van Aelst
and D’Souza-Schorey, 1997; Hall, 1998).

Multiple membrane trafficking events appear to be modu-
lated by Rho family members, including phagocytosis of Shi-
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gella by RhoA (Adam et al., 1996, Watarai ef al., 1997) and of
Salmonella by Cdc42 (Chen et al., 1996), pinocytosis by Racl
(Schmalzing et al., 1995), and receptor-mediated endocytosis by
RhoA and Racl (Lamaze et al., 1996; Leung et al., 1999). RhoA
may also regulate transcytosis and recycling in polarized
Madin-Darby canine kidney (MDCK) cells (Leung et al., 1999).
RhoB is localized to early endosomes and synaptic mi-
crovesicles (Adamson et al., 1992; Cussac et al., 1996), and RhoD
is found on early endosomes and the plasma membrane
(Murphy et al., 1996). Expression of constitutively active RhoD
decreases endosome motility (Murphy et al., 1996). Rho family
members also regulate secretion. In mast cells, RhoA, Racl, and
Cdc42 stimulate exocytosis of secretory granules, whereas C-3
transferase and dominant inactive RhoA and Racl inhibit
guanosine 5'-O-(3-thiotriphosphate)-stimulated secretion (Nor-
man et al., 1994, 1996; Price et al., 1995; Mariot et al., 1996;
O’Sullivan et al., 1996; Brown et al., 1998). New evidence indi-
cates that Cdc42 may be important in regulating the delivery of
newly synthesized proteins to the basolateral domain of polar-
ized MDCK epithelial cells (Kroschewski et al., 1999).

Recently, we analyzed the effect of the expression of RhoA
and Racl mutants on the development of polarity of MDCK
cells (Jou and Nelson, 1998). The establishment and mainte-
nance of epithelial cell polarity require cell-cell and cell-
substratum interactions, remodeling of the cytoskeleton, and
the development of directionality in membrane trafficking
pathways to the apical and basolateral membrane domains
(Drubin and Nelson, 1996). During the development of cell
polarity, Rac1V12 expression caused the redistribution of
GP-135, an apical membrane protein, to a large central ag-
gregate of membranes located beneath the apical membrane
domain (Jou and Nelson, 1998). This aggregate contained
RaclV12 and filamentous actin. Significantly, we also de-
tected the small GTPase rabll in the aggregate; rabll is
normally found on the trans-Golgi network (TGN) and re-
cycling endosomes and is known to regulate endosome
function (Urbé ef al., 1993; Ullrich et al., 1996; Green ef al.,
1997; Ren et al., 1998; Casanova et al., 1999). The presence of
rab11 on this central aggregate indicated that the aggregate
may be an endosomal compartment and, therefore, that
Racl might have a previously unappreciated role in regu-
lating endocytic membrane traffic. The goals of our current
analysis were severalfold: to determine the origin of the
large central aggregate in Racl1V12-expressing cells; to ana-
lyze the effects of RaclV12 and dominant inactive Racl
(RacIN17) expression on biosynthetic traffic in MDCK cells;
and to determine if constitutively active or dominant inac-
tive Racl regulates endocytic traffic.

MATERIALS AND METHODS

Cell Lines and Cell Culture

MDCK cells (T23 clone) expressing dominant active myc-tagged
Rac1V12 or dominant negative myc-tagged RacIN17 under the
control of a tetracycline-repressible transactivator have been de-
scribed previously (Jou and Nelson, 1998). The cells were routinely
cultured in DMEM containing 10% (vol/vol) FBS (DMEM/FBS), 100
U/ml penicillin/100 pg/ml streptomycin, and 20 ng/ml doxycy-
cline (DC) (Sigma Chemical, St. Louis, MO) at 37°C in a humidified
atmosphere containing 5% CO,. The DC stock solution (20 ug/ml in
95% ethanol) was stored at —20°C and was diluted 1:1000 just before
use. Expression of Rac1V12 or Rac1N17 was induced by plating cells
in 15-cm dishes at low density into DMEM/FBS medium lacking
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DC and incubating them for 1620 h (RacIN17) or 36 h (Rac1V12) at
37°C. At the end of this incubation period, the cells had reached
~30% confluence. Cells treated in an identical manner, but in the
presence of 20 ng/ml DC, served as controls. The cells were
trypsinized and washed with culture medium containing 5 uM
calcium chloride, and 1 X 10° cells (resuspended in 0.5 ml of 5 uM
calcium chloride) were added to the apical chamber of rat-tail,
collagen-coated, 12-mm-diameter Transwells (Corning-Costar,
Cambridge, MA) in 5 uM calcium chloride (with or without 20
ng/ml DC). Cells were incubated in 5 uM calcium chloride for 3—4
h, rinsed twice with Dulbecco’s PBS lacking calcium and magne-
sium, and then incubated in DMEM/FBS containing normal
amounts of calcium chloride (1.8 mM) for 18—-48 h (with or without
20 ng/ml DC).

Antibodies, Proteins, and Other Markers

The following reagents were used: mouse anti-myc hybridoma 9E10
(Dr. Gordan Cann, Stanford University, Stanford, CA); mouse anti-
GP-135 hybridoma 3F2/D8 (Dr. G. Ojakian, State University of New
York, Brooklyn, NY); rabbit polyclonal anti-mp30/BAP31, an endo-
plasmic reticulum (ER) resident protein (Dr. P. Walter, University of
California, San Francisco, CA); rabbit polyclonal anti-mouse furin, a
TGN resident protein (Alexis Biochemicals, San Diego, CA); mouse
monoclonal anti-giantin, a Golgi resident protein (Dr. A. Lindstedt,
Carnegie Mellon University, Pittsburgh, PA); mouse monoclonal
anti-lysosomal membrane protein hybridoma Ac17 (Dr. E. Rodriguez-
Boulan, Cornell University, New York, NY); rat anti-ZO-1 hybridoma
R40.76 (Dr. D.A. Goodenough, Harvard University, Cambridge, MA);
mouse anti-Racl (Transduction Laboratories, Lexington, KY); affinity-
purified rabbit polyclonal anti-rabl1 antibody (Zymed Laboratories,
South San Francisco, CA); affinity-purified rabbit polyclonal anti-hu-
man immunoglobulin A (IgA) (Jackson Immunoresearch Laboratories,
West Grove, PA); polyclonal mouse anti-canine transferrin (Tf) pre-
pared from mice sensitized to canine Tf with the use of standard
immunological protocols; affinity-purified and minimal cross-reacting
fluorescein-, Texas red-, and Cy5-conjugated secondary antibodies
(Jackson Immunoresearch Laboratories); human polymeric IgA (Dr. K.
Mostov, University of California, San Francisco, CA); rhodamine phal-
loidin (Molecular Probes, Eugene, OR); and Fab fragments of affinity-
purified polyclonal sheep anti-secretory component conjugated to
HRP (Dr. K. Mostov).

Western Blot Analysis

Filter-grown cells were lysed in 0.2 ml of 0.5% SDS lysis buffer (100
mM triethanolamine, pH 8.6, 5 mM EDTA, 0.5% SDS), boiled for 3
min, and then vortex shaken for 15 min at 4°C to shear the DNA.
The samples were centrifuged at 13,000 X g, and 10 ul of the sample
was mixed with an equal volume of 2X Laemmli sample buffer
containing 100 mM DTT, heated to 100°C for 3 min, and then
resolved by SDS-PAGE in 15% (wt/vol) polyacrylamide gels. The
proteins were transferred to Immobilon-P membranes (Millipore,
Bedford, MA) for 75 min at 375 mA, and the membrane was blocked
for 30 min in 10% (wt/vol) BSA dissolved in Dulbecco’s PBS.
Blotted proteins were reacted with primary antibodies (diluted in
PBS containing 1% dehydrated nonfat milk) for 2 h at room tem-
perature with rotation. The membrane was then washed with Tris-
buffered saline-Tween (2.68 mM KClI, 0.5 M NaCl, 25 mM Tris-HCl,
pH 8.0, 0.05% [vol/vol] Tween-20) three times for 15 min each and
then incubated in the appropriate secondary antibody conjugated to
HRP diluted 1:25,000 in PBS containing 1% dehydrated nonfat milk
for 1 h with rotation. The membrane was washed three times for 15
min each with Tris-buffered saline-Tween, incubated for 1 min in
Super Signal (Pierce, Rockford, IL), and exposed to XAR-5 film
(Kodak, Rochester, NY). Relative intensities of the protein bands
were quantified by densitometry.
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Immunofluorescence Labeling and Scanning Laser
Confocal Microscopy

Cells were fixed and processed for immunofluorescence with the
use of either 3.7% paraformaldehyde (Jou and Nelson, 1998) or a pH
shift protocol (Apodaca ef al., 1994). Photomicrographs were ob-
tained by photographing epifluorescence images acquired with an
Axioplan fluorescence microscope (Carl Zeiss, Thornwood, NY)
fitted with 40X or 63X oil immersion lenses or by capturing digital
images with a TCS confocal microscope equipped with krypton,
argon, and helium-neon lasers (Leica, Deerfield, IL). Images ob-
tained with the TCS confocal microscope were acquired with the use
of a 100X plan-apochromat objective (numerical aperture 1.4) and
the appropriate filter combination. Settings were as follows: photo-
multipliers were set to 600-800 mV, 1.5-um pinhole, zoom = 3.0,
Kalman filter (n = 4). The images (1024 X 1024 pixels) were saved
in tag-information-file-format, and the contrast levels of the images
were adjusted in the Photoshop program (Adobe, Mountain View,
CA) on a Power PC G-3 Macintosh computer (Apple, Cupertino,
CA). The contrast-corrected images were imported into Freehand
(Macromedia, San Francisco, CA) and printed from a Kodak 8650PS
dye sublimation printer.

Electron Microscopic Analysis of Cells Expressing
Rac1V12

After internalization of Fab-HRP, cells were washed three times
quickly with MEM/BSA (MEM containing 0.25 g/1 NaHCO,, 0.6%
BSA, and 20 mM HEPES, pH 7.4) and one time with ice-cold PBS™
(PBS containing 0.5 mM MgCl,, 0.9 mM CaCl,). The cells were
immediately fixed by adding ice-cold 0.5% (vol/vol) glutaraldehyde
in 200 mM Na cacodylate, pH 7.4, 1 mM CaCl,, 0.5 mM MgCl, and
incubating the cells for 30 min at room temperature. The cells were
rinsed three times with 200 mM Na cacodylate buffer, pH 7.4, and
0.1% (wt/vol) diaminobenzidine (DAB; dissolved in 200 mM caco-
dylate buffer) was added for 2 min at room temperature. The DAB
solution was aspirated and replaced with fresh DAB solution con-
taining 0.01% (vol/vol) H,O, and incubated for 30 min at room
temperature in the dark. Samples were rinsed with 200 mM Na
cacodylate, pH 7.4, and osmicated with 1% (wt/vol) OsO,, 200 mM
Na cacodylate, pH 7.4, 1% (wt/vol) K,Fe(CN)4 for 90 min at 4°C.
After several rinses with H,O, samples were en bloc stained over-
night with 0.5% (wt/vol) uranyl acetate in H,O. Filters were dehy-
drated in a graded series of ethanol, embedded in the epoxy resin
LX-112 (Ladd, Burlington, VT), and sectioned with a diamond knife
(Diatome, Fort Washington, PA). Sections, pale gold in color, were
mounted on butvar-coated nickel grids and viewed at 80 kV in a
JEOL (Japan) 100 CX electron microscope without further contrast-
ing.

Endocytosis of [*°I]IgA

Endocytosis of ['*°I]IgA was measured as described (Breitfeld et al.,
1990). ['*I]IgA was iodinated with the use of the ICl method to a
specific activity of 1.0-2.0 X 107 cpm/ug (Breitfeld et al., 1989a).
Cells were rapidly cooled and washed three times with ice-cold
MEM/BSA. ['*]]IgA diluted in MEM/BSA was bound to either the
apical or the basolateral surface of the cells for 60-90 min at 4°C.
Cells were washed three times quickly and then three times for 10
min with MEM/BSA (the final washes were performed by incubat-
ing the cells on a rotator). Cells were then either left on ice or
warmed to 37°C for periods up to 10 min. At the conclusion of the
experiment, ['*I]IgA was stripped from the cell surface by incubat-
ing the cells for 60 min at 4°C with 100 pug/ml trypsin followed by
an acid treatment with 750 mM glycine, pH 2.5, diluted 1:5 with
PBS™*. The Transwells were rinsed with PBS™*, and the filters were
cut out of their holders. Total ['**I]IgA initially bound to the cells
included ligand dissociated from the cell surface, ligand stripped
from the cell surface with trypsin and acid, and cell-associated
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ligand not sensitive to trypsin and acid stripping (endocytosed); it
was quantified with a gamma counter.

Measurement of Paracellular Diffusion of ['*°I]IgA
and [°1]Tf

Filter-grown cells were washed three times with MEM/BSA and
[*2*T]IgA or [**°I]Tf, diluted in 0.5 ml of MEM/BSA containing a
100-fold excess of unlabeled IgA or Tf, and added to the apical
chamber of the Transwell. Cold competing ligand was added to
prevent receptor-mediated internalization and apical-to-basolateral
transcytosis. MEM/BSA (0.5 ml) was placed in the basolateral
chamber. At the designated times, the basolateral MEM/BSA (0.5
ml) was collected and replaced with fresh MEM/BSA. After the
final time point, filters were washed twice with ice-cold PBS and cut
out of the insert, and the amount of ['*I]IgA or ["*°I|Tf that re-
mained in the apical medium, that had diffused into the basolateral
chamber, or that remained cell associated was quantified with a
gamma counter. The results are expressed as percentages of
[*2°T]IgA or [*2*I]Tf initially added to the apical chamber that was
released basolaterally.

Analysis of ['*°I]IgA Postendocytic Fate

The postendocytic fate of a preinternalized cohort of ['*°I]IgA (at
5-10 ug/ml) was analyzed as described (Breitfeld et al., 1989b). In
brief, ['*°I]IgA, diluted in MEM/BSA, was internalized from either
the apical or the basolateral pole of the cells for 10 min at 37°C.
Subsequently, the cell surface from which ligand was internalized
was washed rapidly three times with MEM/BSA, and the apical and
basolateral media were aspirated and replaced with fresh MEM/
BSA. The cells were then incubated for 3 min at 37°C. This total
wash procedure took 5 min at 37°C. Fresh MEM/BSA was added to
the cells, which were chased for up to 2 h at 37°C. At the designated
times, the apical and basolateral MEM/BSA media (0.5 ml) were
collected and replaced with fresh MEM/BSA. After the final time
point, filters were cut out of the insert and the amount of ['*I]IgA
was quantified with a gamma counter. The MEM/BSA samples
were precipitated with 10% trichloroacetic acid for 30 min on ice
and then centrifuged in a microfuge for 15 min at 4°C. The amount
of ['I]IgA in the trichloroacetic acid—soluble (degraded) and tri-
chloroacetic acid-insoluble (intact) fractions was quantified with a
gamma counter. In the original description of the assay, values for
untransfected MDCK cells were subtracted from those for MDCK
cells expressing the polymeric immunoglobulin receptor (pIgR) as a
correction for fluid-phase internalization (Breitfeld et al., 1989b).
Because we did not have MDCK cells expressing the Racl constructs
but not pIgR, we did not feel that an original clone of MDCK cells
was a suitable control. Instead, in preliminary experiments, we
performed assays in the presence of a 100-fold excess of cold com-
peting IgA. We found that the amount of fluid-phase internalization
was <5% of the signal observed in pIgR-expressing cells. Because
this correction for fluid-phase internalization did not alter the re-
sults significantly, this step was omitted in subsequent experiments.

Analysis of ['*°I]Tf Recycling

Iron-saturated Tf was iodinated to a specific activity of 5.0-9.0 X 10°
cpm/ pg with the use of ICl as described (Apodaca et al., 1994). The
cells were washed with warm (37°C) MEM/BSA three times, and
unlabeled Tf was allowed to dissociate from the cell surface and
filter for 60 min in MEM/BSA. ['?°I]Tf (5 pg/ml) was internalized
from the basolateral surface of the cells for 45 min at 37°C in a
humid chamber. The cells were washed three times for 5 min
each with ice-cold MEM/BSA and then warmed to 37°C for 2.5
min to allow for receptor internalization, as described previously
(Apodaca et al., 1994). The medium was aspirated, fresh medium
was added, and the postendocytic fate of ['?°I]Tf was assessed as
described above. ['2°I]Tf uptake was inhibited >95% when the
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radioactive ligand was internalized in the presence of a 100-fold
excess of cold ligand.

Analysis of ['"*’IIEGF Degradation

[*>°TJEGF (150-200 uCi/ung) was purchased from New England
Nuclear Life Science Products (Boston, MA) and used at a final
concentration of 40 ng/ml. The cells were washed with warm (37°C)
MEM/BSA three times, and ['?°I|EGF was internalized from the
basolateral surface of the cells for 10 min at 37°C. The cells were
washed rapidly three times with MEM/BSA, the apical and baso-
lateral media were aspirated and replaced with fresh MEM/BSA,
and the cells were then incubated for 3 min at 37°C. The media were
aspirated, fresh media were added, and the postendocytic fates of
[***TJEGF and trichloroacetic acid precipitations of media samples
were assessed as described above.

Treatment with Nocodazole or CD

When specified, cells were pretreated for 30—60 min at 4°C with 33
1M nocodazole, and the drug was included in all subsequent incu-
bations steps. In some experiments, 25 pg/ml CD was included in
the MEM/BSA. Both nocodazole and CD were prepared in DMSO
as 1000-fold concentrated stocks and stored at —20°C.

Cell-Surface Delivery Assays

Basolateral delivery of the pIgR was assessed as described previ-
ously (Aroeti and Mostov, 1994). Delivery of newly synthesized
GP-135 from the Golgi to the apical membrane was determined as
described previously (Grindstaff et al., 1998a).

RESULTS

Induction of Racl Overexpression in Polarized
MDCK Cells

Previously, we established the T23 clone of MDCK cells that
stably expresses the tetracycline transactivator (Barth et al.,
1997). Subsequently, we generated clones of T23 cells in
which expression of either NH,-terminal myc-tagged dom-
inant active Rac1V12 or dominant inactive RacIN17 was
controlled by a tetracycline transactivator (Jou and Nelson,
1998). The T23 clone of MDCK cells also expresses pIgR.

Expression levels of Rac1V12 or RacIN17 were controlled
by the addition of DC to the growth medium. In the pres-
ence of 20 ng/ml DC, neither Western blotting (Figure 1) nor
immunofluorescence microscopy (Figure 2) detected expres-
sion of either Rac1V12 or Rac1N17. However, in the absence
of DC, Western blotting showed that the amount of Rac1V12
expressed in cells 18 h after plating on Transwells was ~80%
of the level of endogenous Racl, and after 36—48 h it was
~50% (Figure 1). By 72 h, the amount of Rac1V12 expressed
was undetectable (Leung, unpublished results). This latter
observation is consistent with our previous observation that
the levels of these exogenous proteins are down-regulated
over time (Jou and Nelson, 1998). In the biochemical exper-
iments described below, we used cells 18—-48 h after plating
and obtained similar results; at these times, polarized traf-
ficking of proteins to apical and basolateral membrane do-
mains occurs (Grindstaff et al., 1998b). The level of RacIN17
expression was ~500% of that of endogenous Racl and
remained at that level >48 h after plating of cells on Tran-
swells (Figure 1).
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Figure 1. Inducible expression of myc-tagged RaclV12 and
RacIN17 in polarized MDCK cells. Rac1V12 or RacIN17 cells were
plated at low density in medium lacking DC (—) or containing DC
(+), incubated for 1620 h (Rac1N17) or 36 h (Rac1V12), and then
plated on Transwell filter supports (with or without DC). At the
designated times, the filter-grown cells were solubilized in SDS lysis
buffer and processed for Western blotting with an anti-Racl mAb to
detect induction of the myc-tagged mutant proteins as well as endog-
enous Racl. (*) The addition of the myc tag to Rac1V12 and RacIN17
causes these proteins to migrate slower than endogenous Racl.

The Central Aggregate Observed in Rac1V12-
expressing MDCK Cells Primarily Contains Markers
of the Early Endosomal System

To determine the origin of the membranous aggregate, we
examined whether marker proteins of the ER, Golgi, TGN,
early endosome, or late endosome/lysosome colocalized
with Rac1V12 in this structure. The presence of any of these
marker proteins in the aggregate might identify which mem-
brane trafficking pathway(s) was affected by RaclV12 ex-
pression.

Because the central aggregate contained rabl11l, a marker
of endosomal recycling compartments (Ullrich et al., 1996;
Green ef al., 1997; Ren et al., 1998; Casanova et al., 1999), we
first examined the distribution of several marker proteins of
the endocytic pathway in Rac1V12- and Rac1N17-expressing
cells, including (a) basolaterally internalized IgA (a pIgR
ligand), which is transported to the apical cell surface via a
series of endosomal compartments, including basolateral
early endosomes, the common endosome (Odorizzi et al.,
1996), and the apical recycling endosome (ARE) (Apodaca et
al., 1994); (b) basolaterally internalized Tf, which recycles
back to the basolateral membrane (Fuller and Simons, 1986)
from the basolateral early endosomes and the common en-
dosome (Sheff et al., 1999); (c) apically internalized IgA,
which primarily recycles back to the apical membrane (Apo-
daca et al., 1994); and (d) the Ac17 antigen, which recognizes
a lysosomal membrane protein that is found primarily in
late endosomes, lysosomes, and basolateral early endosomes
(Nabi et al., 1991).

To determine if IgA is delivered to the central Rac1V12
aggregate, we followed the fate of IgA internalized from the
basolateral membrane of control cells and cells expressing
Rac1V12. In control cells grown in the presence of DC, IgA
was rapidly delivered to the apical pole of the cell, where it
was found in punctate membrane structures that lie above
the nucleus and at the level of the tight junction (Figure 2, A
and B). These structures have previously been characterized
as elements of the common endosome/ARE (Apodaca et al.,
1994; Barroso and Sztul, 1994; Odorizzi et al., 1996). As
expected, we did not detect myc-tagged RaclV12 in these
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(+) DC (-) DC
myc tag IgA + ZO-1 myc tag IgA + ZO-1

B
N

Figure 2. Distribution of basolaterally internalized IgA and myc-tagged Rac1V12 in cells grown in the absence (—) or presence (+) of DC.
IgA was internalized from the basolateral surface for 10 min at 37°C in Rac1V12 cells grown in the presence (A-D) or absence (E-H) of DC
and then washed and chased for 5 min at 37°C. Cells were fixed with paraformaldehyde and stained with the appropriate antibodies, and
FITC and Cy5 emissions (which are displayed in the left and right halves of each panel, respectively) were captured with the use of a scanning
laser confocal microscope. Shown are optical sections from the base of the cells (D and H), along the lateral surface of the cells (C and G),
above the nucleus (B and F), and at or above the level of the tight junctions (A and E). Note that there are at least 2-3 um between each optical
section. The tight junctions are the thin red lines that surround the cell. Bar, 10 wm.
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cells (Figure 2,A-D, left panels). In contrast, in cells express-
ing Rac1V12 (grown in the absence of DC), IgA was found
not only in a centralized distribution characteristic of the
ARE (Figure 2E) but also in the Rac1V12-positive aggregate
(Figure 2F). In a kinetic analysis, we determined that baso-
laterally internalized IgA reached the central aggregate in as
little as 5 min at 37°C (Leung, unpublished results). More-
over, entry of IgA into the central aggregate did not require
passage through the apical plasma membrane (Leung, un-
published results). Little IgA was found concentrated at
either the lateral or the basal membrane (Figure 2, G and H),
indicating that internalized ligand had not been trapped in
basolateral early endosomes. Rac1V12 was distributed at the
lateral membrane and in a cluster at the very apex of the cell.
In many, but not all, cells, Rac1V12 was also associated with
the central aggregate, where it overlapped with punctate
structures containing IgA (Figure 2E). Rac1V12 was also
found in small punctate structures at the base of the cell
(Figure 2H, left panel). There was no effect of RacIN17
expression on the distribution of internalized IgA.

In addition to basolaterally internalized IgA, we observed
that basolaterally internalized Tf was also highly concen-
trated in the central aggregate of Rac1V12-expressing cells
(Figure 3, A-C). In fact, after a short pulse (10 min), the
majority of the internalized Tf appeared within the central
aggregate. Much, but not all, of the Tf within the aggregate
colocalized with membranous elements containing basolat-
erally internalized IgA (Figure 3, A-C, arrows). Apically
internalized IgA, a marker for the apical recycling pathway,
was also delivered to the central aggregate within 15 min of
being internalized (our unpublished results). In contrast to
these early endosomal markers, the Acl7-positive compart-
ments (predominantly late endosomes and lysosomes) were
found to surround the IgA-positive central aggregate but
were rarely seen to be incorporated into this structure (Fig-
ure 3, D-F). The distributions of these markers were unal-
tered in cells expressing RacIN17.

Next, we assessed the distribution of marker proteins of
the ER, Golgi, and TGN in cells expressing Rac1V12. In both
control and Racl1V12-expressing cells, the ER resident pro-
tein mp30/BAP31 (Annaert et al., 1997) was distributed
throughout the cell cytoplasm, but in cells expressing
Rac1V12, the ER was excluded from the region of the central
aggregate (Figure 3, G-I). In control cells, giantin, a resident
Golgi protein (Lindstedt and Hauri, 1993), was distributed
in a ribbon-like structure that localized between the nucleus
and the apical membrane. In Rac1V12-expressing cells, gi-
antin-labeled Golgi appeared to be excluded from, and gen-
erally surrounded, the central aggregate (our unpublished
results). In many cells, furin, a marker protein of the TGN
(Molloy et al., 1994), was excluded from the central aggre-
gate (Figure 3, J-L), although an occasional furin-positive
TGN ribbon was found within the central aggregate of some
Rac1V12-expressing cells. The distributions of marker pro-
teins of the ER and Golgi were unaffected in cells expressing
RacIN17.

The Central Aggregate Is Composed of
Tubulovesicular Endosomal Elements
The ultrastructure of the central aggregate was examined at

high resolution by electron microscopy. To mark the central
aggregate, we internalized Fab fragments derived from af-
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finity-purified antibodies to the secretory component cou-
pled to HRP (Breitfeld et al., 1989b). Like IgA, these Fab
fragments move by transcytosis from the basolateral to the
apical membrane (Breitfeld et al., 1989b). In the presence of
H,O, and diaminobenzidine, HRP catalyzes the formation
of a product that fills intracellular compartments and ap-
pears electron dense when examined by electron micros-
copy. In control cells, Fab-HRP was primarily localized to
small tubulovesicular membrane elements in the apical cy-
toplasm, often beneath the apical membrane (Figure 4A).
Note that the electron micrographs also show that control
cells were relatively uniform in shape, with apical microvilli
and few plasma membrane interdigitations of the lateral
membrane.

In many cells expressing Rac1V12, Fab-HRP was located
in tubulovesicular elements beneath the apical membrane,
similar to those in control cells (Figure 4B). However, unlike
in control cells, ligand was also found in the central aggre-
gate (Figure 4, B and C). This is consistent with our confocal
immunofluorescence analysis presented above (see Figure
2). In some RaclV12-expressing cells, Fab-HRP labeled only
the central aggregate, and little ligand was found under-
neath the apical membrane (Figure 4C). In electron micro-
graphs, the central aggregate appeared as a heterogeneous
cluster of small vesicular elements, tubules, signet ring—
shaped structures, and occasionally a multivesicular body
(Figure 4, B and C, insets). Many of these structures were
labeled with the Fab-HRP, suggesting that they are endoso-
mal in nature. This is consistent with our observation that
these structures contain the endocytic marker rabll (see
Figure 8) (Jou and Nelson, 1998). In some sections, we found
a centriole at the center of the aggregate (Figure 4B, inset).
The presence of a centriole this deep in the cytoplasm is
aberrant, because centrioles are usually located beneath the
apical membrane, one of which forms the basal body for a
single cilium that projects from the apical surface of the MDCK
cell (Bacallao et al., 1989). Although the localization of the
central aggregate is aberrant, it is important to note that the
organization (paracentriolar) and morphology of endosomal
elements are similar to those observed previously in control
cells (Parton et al., 1989; Apodaca et al., 1994).

In cells expressing Rac1V12, the Golgi apparatus was
generally dispersed, and small Golgi stacks often sur-
rounded the central aggregate (Figure 4C). This is consistent
with our confocal immunofluorescence analysis of giantin
and furin distributions (see Figure 3, ]-L). However, Golgi
were rarely found within the aggregate. Several other struc-
tural features of Rac1V12 cells were different from those of
control cells (Figure 4B). Occasionally, we observed that the
aggregate was surrounded by bundles of thin (10-nm) fila-
ments (Figure 4C), presumably intermediate filaments. In
cross-section, the profile of Rac1V12 cells was tortuous, with
a small diameter at the apex of the cell and a progressively
wider diameter at the base of the cell, or vice versa. There
was an occasional cell that grew on top of its neighbors. In
general, cells had few microvilli, and those present were
sometimes fused with adjacent microvilli. One of the most
pronounced effects of Rac1V12 expression was the dramatic
increase in membrane interdigitations in the lateral mem-
branes between adjacent cells.
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transferrin

mp30/BAP31

H

Figure 3. Distribution of IgA, Tf, the Acl7 antigen, mp30/BAP31, and furin in cells expressing Rac1V12. IgA was internalized from the
basolateral surface of the cell for 10 min at 37°C, washed, and then chased for 60 min at 37°C. (A-C) Tf was internalized during the last 10
min of the 60-min chase. The cells were fixed, incubated with antibodies against IgA and Tf (A-C), IgA and Acl7 antigen (D-F), IgA and
mp30/BAP31 (G-I), or IgA and furin (J-L) and then reacted with the appropriate secondary antibody coupled to FITC or Cy5. Arrows
indicate regions of colocalization. A single optical section at the level of the central aggregate was obtained with a scanning laser confocal
microscope. Bar, 10 um.
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Figure 4. Ultrastructural analysis of Rac1V12 cells grown in the presence or absence of DC. Fab-HRP was internalized from the basolateral
pole of the cell, the cells were fixed, a DAB reaction was performed, and the cells were processed for electron microscopy. (A) Cells grown
in the presence of DC. (B) Cells grown in the absence of DC. Clusters of Fab-HRP-labeled structures are labeled with asterisks. The upper
cluster represents ligand present in the common endosome/ARE, and the bottom cluster represents ligand present in the central aggregate.
(Inset) A magnified view of the endosomal elements that constitute the central aggregate. Ct, centriole. (C) Cells grown in the absence of DC.
A juxtanuclear central aggregate is shown. (Inset) A magnified view of the 10-nm filaments surrounding the endosomal elements of the
central aggregate (marked with arrows). G, Golgi stacks; LF, infoldings of the lateral membrane; Nu, nucleus.

294 Molecular Biology of the Cell



Figure 4 (Cont.)

Rates of Apical and Basolateral Endocytosis Are
Affected by Mutant Racl Expression

Racl is known to affect pinocytosis in oocytes and receptor-
mediated endocytosis in HeLa cells (Schmalzing et al., 1995;
Lamaze et al., 1996). To determine whether Racl mutants af-
fected endocytosis in MDCK cells, we measured the rate of
[***T]IgA internalization from either the apical or the basolat-
eral membrane. In cells expressing Rac1V12, the rate of both
apical and basolateral endocytosis of ['*°I]IgA was decreased
by ~30% (Figure 5, A and C). In contrast, RacIN17 expression
increased the rate of apical and basolateral endocytosis (Figure
5, B and D). The RaclN17 effect on apical endocytosis was
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especially pronounced, with a two- to threefold increase in the
rate at early times. The rate and extent of basolateral endocy-
tosis was enhanced by RacIN17 expression at all times.

Apically Directed Postendocytic Traffic Is Impaired
in Rac1V12-expressing Cells

The finding that endocytosed ligands were delivered to the
central aggregate in Racl1V12-expressing cells prompted us
to explore whether postendocytic traffic was altered in these
cells and in cells expressing RacIN17. In the assays de-
scribed below, we measured transcytotic delivery of ligands
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cell surface by a sequential treatment with trypsin
and acid at 4°C, and the filters were cut out of their
holders. Total ['**I]IgA initially bound to the cells
included ligand released into the medium, ligand
stripped from the cell surface with trypsin and
acid, and cell-associated ligand not sensitive to
stripping (endocytosed) and was quantified with a
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from the basolateral to the apical membrane by sampling
medium in the appropriate compartment of confluent
monolayers grown on Transwell filters. However, we had
demonstrated previously that tight junction function is al-
tered in cells expressing Rac1V12 and RacIN17, and as a
result, the paracellular flux of several markers is increased
(Jou et al., 1998). Because large-scale paracellular diffusion of
ligands between the apical and basolateral compartments
could significantly alter the interpretation of our results, we
determined the extent of ['?°I]IgA and ['?°I]Tf flux in
Rac1V12-expressing cells. Although there was an increase in
paracellular flux, <1.2% of apically added ['*°I]IgA or
['25I]Tf appeared in the basolateral compartment of the cells
after 60 min at 37°C (our unpublished results). This small
increase in flux was insufficient to alter the outcome of the
postendocytic fate assays described below. Similar results
were observed in cells expressing RacIN17.

The fate of basolaterally internalized ['*°I]IgA in control
and RaclV12-expressing cells is shown in Figure 6A. In
control cells, ~85% of ligand was transcytosed and released
into the apical medium during a 2-h chase, ~8% of ligand
was released back into the basolateral compartment, ~5%
was degraded, and ~2% remained in the cell. These results
are similar to those published previously (Apodaca et al.,
1994). In cells expressing Rac1V12, transcytosis of internal-
ized ['*°I]IgA to the apical compartment was decreased by
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, gamma counter. Shown is the percentage of total
endocytosed ligand from a representative experi-
ment (mean * SD; n = 3).

45-50% (Figure 6A). This decrease was not accounted for by
the small changes in the amount of ligand released basolat-
erally and the amount of ligand degraded. However, the
decrease could be accounted for by the ~15-fold increase in
the amount of ligand that remained cell associated (29% in
Rac1V12-expressing cells, compared with 2% in control
cells). RacIN17 expression had little or no effect on the
postendocytic fate of basolaterally internalized ['*°I]IgA
(Figure 6B).

To determine the compartment(s) in which cell-associated
IgA was trapped in Rac1V12-expressing cells, IgA was in-
ternalized for 10 min and then chased for 60 min at 37°C,
during which time most of the ligand was released into the
apical secretions of control cells. Cells were processed for
immunofluorescence, and the samples were examined by
confocal microscopy. In control cells, the amount of detect-
able cell-associated ligand was very small. In cells express-
ing Rac1V12, however, internalized IgA strongly labeled the
central aggregate (Figure 6, C and D). In some cells, IgA was
also found under the apical plasma membrane in the ARE
(Figure 6C, arrow). Taking these kinetic and morphological
data together, we conclude that in the presence of Rac1V12,
delivery of ligand to the central aggregate is efficient but exit
of IgA from this compartment is inefficient.

The fate of apically internalized ['*°I]IgA was also as-
sessed in cells expressing Rac1V12 or RaclN17. Although
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Figure 6. Postendocytic fate of basolaterally internalized IgA in Rac1V12- and RacIN17-expressing cells. ['**I]IgA was internalized from the
basolateral surface of the cells for 10 min at 37°C, and the cells were washed and then chased for 120 min. The percentage of total ligand
released apically (transcytosed) or basolaterally (recycled) in cells expressing Rac1V12 (A) or RacIN17 (B) is shown. Values for degradation
were as follows: Rac1V12 + DC, 5.0 = 0.7%; Rac1V12 — DC, 10.6 = 0.7%; RacIN17 + DC, 5.6 = 0.3%; RacIN17 — DC, 4.4 = 0.5%. Values
for ligand remaining cell associated were as follows: Rac1V12 + DC, 2.0 = 0.7%; Rac1V12 — DC, 29.1 * 6.7%; RacIN17 + DC, 3.1 = 0.2%;
RacIN17 — DC, 3.8 = 1.0%. Values (mean * SD; n = 3) are from a representative experiment. (C and D) IgA was internalized from the basolateral
cell surface for 10 min at 37°C, and the cells were washed and then chased for 60 min at 37°C in ligand-free medium. The cells were fixed, incubated
with antibodies against myc-tagged Rac1V12, IgA, and ZO-1, and then reacted with the appropriate secondary antibody coupled to FITC or Cy5.
Single optical sections at the level of the tight junctions (C) or the central aggregate (D) were obtained with a scanning laser confocal microscope.
The arrow in C demarks a cell in which some IgA is seen accumulating at the apical pole of the cell. Bar, 10 um.

plgR is efficiently cleaved at the apical pole of MDCK cells to this apically internalized pool of pIgR-IgA is then recycled
produce a secretory component, a fraction of the receptor back to the apical membrane. In Rac1V12 cells, the amount
escapes cleavage and can be internalized with ligand from of internalized ligand that was recycled to the apical mem-
the apical cell surface (Breitfeld et al., 1989b). The majority of brane was reduced by ~30% (Figure 7A). We detected little
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Figure 7. Postendocytic fate of
apically internalized IgA, basolater-
ally internalized Tf, and basolaterally
internalized EGF in cells expressing
RaclV12 or RacIN17. (A and B)
['*IJIgA was internalized from the
apical surface of the cells for 10 min
at 37°C, and the cells were washed
and then chased for 120 min. The
percentage of total ligand released
apically (recycled) or basolaterally
(transcytosed) in cells expressing
RaclV12 (A) or RacIN17 (B) is
shown. Values for degradation were
as follows: RaclV12 + DC, 7.6 =
0.7%; RaclV12 — DC, 11.3 = 1.1%;
RacIN17 + DC, 73 = 0.3%;
RacIN17 — DC, 5.2 = 0.4%. Values
for ligand remaining cell associated
were as follows: RaclV12 + DC,
51 * 0.9%; RaclV12 — DC, 283 *+
4.8%; RacIN17 + DC, 43 * 0.7%;
RacIN17 —DC, 7.8 = 3.9%. Values
(mean * SD; n = 3) are from a rep-
resentative experiment. (C and D)
[*?°I]Tf was internalized from the ba-
solateral surface of the cells for 30
min at 37°C, and the cells were
washed and then chased for 120 min
at 37°C. The percentage of total li-
gand released apically (transcytosed)
or basolaterally (recycled) in cells ex-
pressing Rac1V12 (C) or RacIN17 (D)
is shown. Values for degradation
were as follows: RaclV12 + DC,
2.8 * 0.1%; RaclV12 — DC, 2.8 =
0.1%; RacIN17 + DC, 2.2 = 0.3%;
RacIN17 — DC, 1.7 = 0.2%. Values
for ligand remaining cell associated
were as follows: RaclV12 + DC,
1.8 * 0.2%; RaclV12 — DC, 3.1 =
0.4%; RacIN17 + DC, 1.8 = 0.6%;
RacIN17 — DC, 2.3 * 0.6%. Values
(mean = SD; n = 4) are from a
representative experiment. (E and
F) ['**I]EGF was internalized from
the basolateral surface of the cells
for 10 min at 37°C, and the cells
were washed and then chased for
120 min. The percentage of total de-
graded ligand in cells expressing
RaclV12 (E) or RacIN17 (F) is
shown. Values for transcytosis
were as follows: RaclV12 + DC,
8.7 = 0.7%; RaclV12 — DC, 11.5 =
0.8%; RacIN17 + DC, 10.0 = 1.2%;

RacIN17 — DC, 12.1 % 1.0%. Values for ligand recycling were as follows: Rac1V12 + DC, 22.8 = 1.7%; Rac1V12 — DC, 24.6 * 0.8%; RacIN17
+ DC, 21.5 = 0.8%; RacIN17 — DC, 22.6 £ 1.1%. Values for ligand remaining cell associated were as follows: Rac1V12 + DC, 5.2 £ 0.5%;
RaclV12 — DC, 6.6 = 0.5%; RacIN17 + DC, 5.3 = 1.0%; RacIN17 — DC, 54 *= 1.0%. Values (mean * SD; n = 4) are from a representative
experiment.

or no effects on either apical-to-basolateral transcytosis or
intracellular degradation of apical internalized ligand. How-
ever, we detected a five- to sixfold increase in the amount of
cell-associated ligand in Rac1V12 cells compared with con-
trols. Confocal microscopy confirmed that cell-associated
ligand was trapped in the central aggregate of cells express-
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(Figure 7B).

ing Rac1V12. There was no effect of RacIN17 expression on
the postendocytic traffic of apically internalized ['2°I]IgA

Next, we examined whether the postendocytic fates of a
basolateral recycling marker (Tf) and a marker of the deg-
radative pathway (EGF) were affected in RaclV12- or
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RaclN17-expressing cells. Recycling of basolaterally inter-
nalized ["*’I]Tf was decreased slightly in cells expressing
Rac1V12 (Figure 7C) and was coupled with an increase in
the amount of ligand released from the apical membrane
(~11% in Rac1V12-expressing cells, compared with ~5% in
control cells). In contrast to basolaterally internalized IgA,
there was little difference in the amount of ['2°I]Tf degraded
(~3%) or cell associated (2-3%) between control cells and
cells expressing Rac1V12. These results indicate that pro-
teins that recycle to the basolateral membrane may be able to
efficiently exit the central aggregate. To confirm this obser-
vation, we cointernalized Tf and IgA for 10 min at 37°C and
then followed the kinetics of Tf exit from the IgA-labeled
central aggregate with the use of indirect immunofluores-
cence. As shown in Figure 3, we observed colocalization of
the two markers after the pulse. However, within 30 min of
chase, there was no detectable Tf associated with the IgA-
labeled central aggregate (our unpublished results). There
was no effect of RacIN17 expression on ['°I]Tf recycling
(Figure 7D).

When ['?°T]EGF was internalized from the basolateral sur-
face of control cells, ~60% of ligand was degraded (Figure
7E), ~25% was recycled to the basolateral membrane, ~10%
was transcytosed, and the remainder was cell associated.
RaclV12 expression slightly decreased the amount of
['*5I]EGF that was degraded (Figure 7E) and slightly in-
creased the amounts of ligand released from the apical and
basolateral membranes. There was no increase in the
amount of ['?’I[EGF that was cell associated in cells express-
ing Rac1V12. RacIN17 expression had no effect on the pos-
tendocytic traffic of ['?°I]JEGF (Figure 7F).

Protein Exit from the Central Aggregate in Rac1V12
Cells Is Unaffected by Nocodazole but Is Enhanced
by Disruption of the Actin Cytoskeleton by CD

The paracentriolar distribution of the central aggregate in-
dicated that its organization might be dependent on the
integrity of the microtubule cytoskeleton. To test this possi-
bility, we treated cells with nocodazole, a microtubule-de-
polymerizing agent. This treatment resulted in a complete
dispersion of the central aggregate; immunofluorescence
showed that rab11 and myc-tagged Rac1V12 were localized
to small puncta that were dispersed throughout the apical
cytoplasm (Figure 8, compare A and B with C and D).

Because ligand that was delivered to the central aggregate
in Racl1V12 cells did not efficiently exit this structure, we
asked whether dispersal of the aggregate with nocodazole
would restore normal protein trafficking from the central
aggregate to the apical membrane. To load the central ag-
gregate with [*°I]IgA, Rac1V12-expressing cells were pulse
labeled with [***I]IgA for 10 min, followed by a 60-min chase
to allow ['2°I]IgA to accumulate in the central aggregate (as
shown above). The cells were then chilled to 4°C and either
left untreated or incubated in the presence of nocodazole.
The fate of this intracellular cohort of ligand was then mea-
sured during a 2-h chase period at 37°C in the continued
presence of nocodazole (Figure 8E). Exit of ['?°I][IgA from
the central aggregate was similarly slow in untreated cells
and cells treated with nocodazole. These results indicate that
dispersal of the central aggregate with nocodazole is not
sufficient to restore normal endocytic function in Rac1V12-
expressing cells.
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We next tested the effect of disruption of the actin cy-
toskeleton with CD on protein trafficking out of the central
aggregate. Although there appeared to be little effect of CD
on the organization or distribution of the central aggregate,
CD treatment caused the release of trapped ligand and a
significant increase in the amount of IgA that was released
into the apical compartment (Figure 8F). This observation
suggests that the trapping function of this aberrant compart-
ment may be attributable in part to RaclV12-induced
changes in the actin cytoskeleton.

Delivery of Newly Synthesized Membrane Proteins
to the Apical, but Not the Basolateral, Membrane Is
Decreased in Rac1V12-expressing MDCK Cells

Previously, we showed that the apical membrane protein
GP-135 was present in the central aggregate in cells express-
ing Rac1V12 (Jou and Nelson, 1998). Therefore, we explored
whether this aberrant localization was the result of a block in
biosynthetic traffic of GP-135 between the Golgi and the
apical membrane. Cells were pulse labeled with [3°S]met/
cys for 15 min and chased for different times up to 240 min,
and plasma membrane delivery of newly synthesized GP-
135 was assessed by cell surface biotinylation. In control
cells, newly synthesized GP-135 was rapidly delivered to the
apical membrane (Figure 9, A and B). In cells expressing
Rac1V12, the initial delivery of GP-135 to the apical mem-
brane was identical to that observed in control cells, but the
amount of GP-135 that accumulated at the apical plasma
membrane was decreased by ~75% (Figure 9, A and B).
Under both conditions, GP-135 was completely solubilized
in buffer containing Triton X-100, suggesting that it had not
become aggregated into a detergent-insoluble complex. By
following the internalization of a biotinylated cohort of GP-
135, we determined that the lack of accumulation of GP-135
at the apical plasma membrane was not the result of in-
creased endocytosis of GP-135 from the apical pole of the
cell; in control and RaclV12-expressing cells, <5% of cell
surface GP-135 was internalized per hour (our unpublished
results). These data indicate that a small fraction of GP-135
was rapidly delivered to the apical cell surface of Rac1V12-
expressing cells, whereas the remainder was retained inside
the cell, presumably in the central aggregate. Note that, as in
our previous studies (Grindstaff ef al., 1998a), we found that
<5% of newly synthesized GP-135 was delivered to the
basolateral membrane in either control cells or cells express-
ing Rac1V12, and these data are not shown here.

We also measured delivery of newly synthesized pIgR to
the basolateral membrane of control cells and cells express-
ing Rac1V12 or RacIN17. As described previously, the ma-
jority of newly synthesized pIgR is delivered directly to the
basolateral membrane (Casanova et al., 1991; Aroeti et al.,
1993). We did not observe a significant difference in baso-
lateral delivery of the pIgR between control cells and cells
expressing Rac1V12 (Figure 9C). However, Rac1N17 expres-
sion decreased delivery of the pIgR to the basolateral mem-
brane by ~20%.

DISCUSSION

An initial characterization of cells expressing Rac1V12 re-
vealed that a central aggregate formed beneath the apical
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Figure 8. Effects of nocodazole and
CD on the distribution and exit of
proteins from the central aggregate.
(A-D) Cells were mock treated or
treated with nocodazole, fixed, incu-
bated with antibodies against rab11l
and the myc tag, and then reacted
with the appropriate secondary anti-
body coupled to FITC or Texas red.
Bar, 10 um. (E) ['*I]IgA was internal-
ized from the basolateral surface of
the cells for 10 min at 37°C, and the
cells were washed and then chased
for 60 min. Cells were rapidly chilled
to 4°C for 60 min (with [+] or with-
out [—] nocodazole), and the posten-
docytic fate of ligand was assessed in
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shown. Values for degradation were
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membrane (Jou and Nelson, 1998). To investigate the nature
of this aggregate, we have performed a detailed analysis of
endocytic and biosynthetic trafficking pathways in these
cells. We have found that activation of Racl has multiple
downstream effects on many membrane trafficking events in
polarized cells, including apical and basolateral endocytosis,
basolateral-to-apical transcytosis, apical recycling, and accu-
mulation of newly synthesized membrane proteins at the
apical cell surface.

Racl Regulates the Plasma Membrane
Endocytic Rate

Recent evidence indicates that Rho family members are im-
portant regulators of endocytosis, because mutants of either
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2.2%; with CD, 35.7 + 1.1%. Values
(mean * SD; n = 3) are from a rep-

time (min) resentative experiment.

RhoA or Racl alter fluid-phase and receptor-mediated en-
docytosis in nonpolarized cells (Schmalzing et al., 1995;
Lamaze et al., 1996). In MDCK cells, RhoA appears to be an
important modulator of both apical and basolateral endocy-
tosis (Leung et al., 1999). Our current results show that
endocytosis from both plasma membrane domains of polar-
ized MDCK cells was decreased by Rac1V12 and increased
by RaclN17. These observations indicate that Racl may act
as a throttle on the rate of endocytosis, with the GTP-bound
form decreasing the rate and the GDP form increasing the
rate. These results are consistent with the Racl-mediated
regulation of receptor-mediated endocytosis reported in
nonpolarized HeLa cells by Lamaze et al. (1996) but are in
contrast to those of Li et al. (1997), who found no effect of
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Figure 9. Effect of Rac1V12 expression on trafficking of newly syn-
thesized apical proteins from the Golgi complex to the cell surface. (A
and B) MDCK cells were grown in the presence (+) or absence (—) of
DC (Dox) on Transwell filters. Cells were metabolically labeled for 15
min with [**Smet/cys and then chased for different times in medium
containing an excess of unlabeled met/cys. For analysis of GP-135
trafficking, pairs of filters were processed for apical (A) and basolateral
(B) cell surface biotinylation. Cells were extracted with buffer contain-
ing Triton X-100 to yield soluble (S) and insoluble (P) fractions, from
which the biotinylated fraction of GP-135 was isolated by sequential
GP-135 antibody and streptavidin-agarose precipitation. A separate
filter for each time point was extracted with SDS lysis buffer, and
GP-135 was immunoprecipitated directly to obtain the total amount of
[**S]met/cys-labeled GP-135 in the cells. Proteins were separated by
SDS-PAGE and detected subsequently with the use of a Molecular
Dynamics (Sunnyvale, CA) Phosphorlmager (see MATERIALS AND
METHODS) (Grindstaff et al., 1998a). Kinetics of GP-135 (A and B)
trafficking to the apical membrane domain are presented. Data are
from a representative experiment. As shown by us previously, <5% of
GP-135 is delivered to the basolateral membrane in control cells
(Grindstaff et al., 1998a) and Rac1V12 cells (Fung, unpublished results);
these data, therefore, are not presented. To determine the proportion of
GP-135 on the apical membrane, the amount of apical biotinylated
GP-135 was divided by the total amount of labeled GP-135 in the cell,
and the fraction was plotted against the time of the chase (B). (C) Cells
were metabolically labeled with [**S]cys for 15 min at 37°C and then
chased in the presence (+) or absence (—) of basolateral trypsin for 60
min at 37°C, as described previously (Apodaca et al., 1993; Aroeti and
Mostov, 1994). In the presence of trypsin, newly synthesized pIgR
delivered to the basolateral cell surface was rapidly proteolyzed. By
comparing the amount of immunoprecipitable pIgR in non-trypsin-
treated cells and cells treated with trypsin, it is possible to quantify the
extent of pIgR delivery to the basolateral cell surface (Apodaca et al.,
1993; Aroeti and Mostov, 1994). The percentage of basolateral delivery
is shown (mean = SD; n = 4).

Vol. 11, January 2000

Effects of Racl Mutants on Traffic

dominant active Racl expression on fluid-phase endocytosis
in baby hamster kidney cells. This discrepancy may reflect
differences in cell type or the use of a fluid phase marker by
Li et al. and ligands that undergo receptor-mediated endo-
cytosis in our study and that of Lamaze et al.

Expression of Rac1V12 Alters Delivery of Proteins
to the Apical Membrane of MDCK Cells

Although there have been several reports of Rho family
members regulating endocytosis and exocytosis (Norman et
al., 1994, 1996; Price et al., 1995; Schmalzing et al., 1995;
Lamaze et al., 1996; Mariot et al., 1996; O’Sullivan et al., 1996;
Brown et al., 1998; Kroschewski et al., 1999), little is known
about the roles of these proteins in postendocytic or biosyn-
thetic traffic. In cells expressing Rac1V12, we observed that
apically directed membrane protein traffic was selectively
impaired compared with traffic directed toward the basolat-
eral membrane. Both basolateral-to-apical transcytosis and
the apical recycling pathway were significantly altered in
cells expressing Rac1V12. Significantly, alterations of these
apically directed pathways appeared to be the direct result
of the delivery to, and the retention of, these proteins in the
central aggregate. In contrast, basolateral recycling of Tf and
delivery of EGF to late endosomes/lysosomes were less
perturbed by RaclV12 expression. Although Tf was deliv-
ered to the central aggregate, it was not retained in this
compartment and was recycled reasonably efficiently to the
basolateral pole of the cell. This observation indicates that
sorting machinery in the aggregate for basolaterally targeted
proteins remained intact in these Rac1V12-expressing cells.

To determine if TGN-to-cell surface delivery was altered
in RaclV12 cells, we measured the appearance of newly
synthesized GP-135 and the pIgR at the apical and basolat-
eral plasma membranes, respectively. Delivery of the pIgR
to the basolateral membrane was unimpaired in Rac1V12-
expressing cells. However, accumulation of newly synthe-
sized GP-135 at the apical plasma membrane domain was
decreased by ~75%. Note that the remaining GP-135 was
not delivered to the basolateral membrane but was retained
inside the cells. Presumably, this intracellular pool of GP-135
was delivered to and/or retained in the central aggregate,
where the protein accumulated to high levels. At present, we
do not know whether delivery of GP-135 to the central
aggregate is a result of direct delivery from the TGN and
trapping or a result of aberrant redistribution of GP-135
from another cellular membrane as a consequence of
Rac1V12 expression. We do not believe that increased apical
endocytosis accounts for the decreased accumulation of GP-
135 at the apical surface of cells expressing Rac1V12, because
<5.0% of cell surface GP-135 was endocytosed per hour in
these cells.

RaclV12 expression had dramatic effects on slowing api-
cally directed biosynthetic or postendocytic traffic, whereas
RacIN17 expression had little effect on these trafficking
pathways. This was surprising because it was expected that
Rac1N17 expression would act as an antagonist to the effects
of Rac1V12, as we found in the case of the rate of endocy-
tosis (see above). We have observed previously that this
level of RacIN17 expression (approximately five times
greater than that of endogenous Racl) is sufficient to alter
cellular polarity (Jou and Nelson, 1998), decrease transepi-
thelial resistance (Jou et al., 1998), and increase the rate of

301



T.-S. Jou et al.

endocytosis (see above). As such, the role of Racl in the
normal function of these postendocytic trafficking pathways
is unclear at present. It was observed recently that other
dominant negative mutants of small GTPases (e.g., rab25)
have little effect on endocytic traffic out of the ARE
(Casanova et al., 1999), and a dominant negative mutant of
the early endosome-associated GTPase RhoD has no effect
on endosome morphology or function (Murphy ef al., 1996).
Perhaps the traffic of proteins from the ARE to the apical
surface is modulated only by changes in the activation of
these small GTPases. This would be similar to the effects of
protein kinase C and protein kinase A on postendocytic
traffic; when activated, these kinases modulate apically di-
rected traffic, whereas inactivation of these kinases appar-
ently has no effect (Cardone et al, 1994; Hansen and
Casanova, 1994).

Membrane and Protein Accumulation in the Central
Aggregate Is Due, in Part, to Alterations in the
Actin Cytoskeleton

Although the role of Racl in normal postendocytic traffic is
somewhat unclear, our data indicate that the central aggre-
gate observed in RaclV12-expressing cells does not consti-
tute a random assortment of membranes from different or-
ganelles or trafficking pathways. Instead, it contains specific
membranes and proteins that are blocked in their exit to the
apical membrane. Marker proteins of late endosomes/lyso-
somes, the Golgi, the TGN, and the ER were not found
within the aggregate. Electron microscopy revealed that it is
composed of membranous structures, including vesicular
elements, tubules, and signet ring-shaped structures, that
are redolent of early endosomes. rab11, a marker of recy-
cling endosomes in general and the ARE in particular (an
early endosomal compartment) (Ullrich et al., 1996; Ren et al.,
1998; Casanova et al., 1999), was found to be associated with
the central aggregate. The presence of Tf in the central
aggregate indicates that the central aggregate is composed in
part of common endosomal elements. Under normal condi-
tions, the balance between membrane entry into and exit
from the endosome results in the maintenance of a small
resident pool of membranes in this structure. Inhibition of
membrane exit from the ARE/common endosome by
Rac1V12 may result in a proportional increase in the amount
of resident membrane and formation of the central aggre-
gate. As such, Rac1V12 expression may be a useful tool to
understand the normal requirements for protein exit from
the ARE/common endosome.

What is the underlying mechanism for the retention of
apically directed cargo in cells expressing Rac1V12? One
possible explanation is that apically directed traffic is pre-
vented from exiting the central aggregate because of inter-
actions between endosomes or endocytic transport vesicles
and the surrounding cytoskeletal cage of filamentous actin
and cytokeratin intermediate filaments. Although elements
of the central aggregate were organized around a centriole,
dispersal of the central aggregate by nocodazole did not
relieve the block in protein exit to the apical membrane. In
contrast, CD-induced disruption of the actin cytoskeleton
restored the ability of some ligand to exit the cell. This
observation suggests that some of the defects in postendo-
cytic traffic may be the result of Rac1V12-promoted actin
polymerization.

302

An alternative or additional possibility is that Rac1V12
exerts its effects by acting on effector pathways that are
independent of its action on the actin cytoskeleton. Potential
downstream effectors that are activated by Racl include
RhoA, phospholipase D, phosphoinositol-4-phosphate 5-OH
kinase, phosphatidylinositol-3-kinase (PI-3-K), PAK, and
PORI (reviewed by Van Aelst and D’Souza-Schorey, 1997).
We believe that the effects we observe are not due to acti-
vation of RhoA, because constitutively active RhoAV14 pri-
marily affects traffic through the basolateral early endo-
somes, and a central aggregate is not formed (Leung et al.,
1999). Through modifications of the lipid bilayer, both phos-
pholipase D and phosphoinositol-4-phosphate 5-OH kinase
are known to affect the ability of coat proteins to bind to
organellar membranes (Liscovitch and Cantley, 1995; De
Camilli ef al., 1996; Liscovitch, 1996). Perhaps the coats that
specify apical targeting are selectively disrupted in cells
expressing Racl1V12. Activation of PI-3-K is especially in-
triguing because transcytosis of the pIgR is inhibited by
wortmannin, a potent inhibitor of PI-3-K (Hansen et al.,
1995). Uncontrolled activation of PI-3-K and its effectors may
have dramatic effects on postendocytic traffic. The target(s)
of Racl will have to await additional studies because the
signals that specify apical sorting in the endocytic pathway
of polarized epithelial cells are largely unknown and the
apical sorting/budding machinery is undescribed.

The defects in apical membrane traffic observed in
Rac1V12-expressing cells may be relevant to understanding
cellular physiology in cancerous cells, in which cellular po-
larity is highly disorganized (Schoenenberger and Matlin,
1991; Schoenenberger et al., 1991). Rho family members have
been implicated in cancer progression, and RhoA and Racl
are required for Ras-mediated transformation (Qiu ef al.,
1995a,b; Olson, 1996; Vojtek and Der, 1998). Moreover, all of
the more than 20 guanine nucleotide exchange factors for
members of the Rho family are potentially oncogenic, and
this oncogenicity is apparently the result of their inappro-
priate activation of Rho family members (Olson, 1996; Van
Aelst and D’Souza-Schorey, 1997). Uncontrolled Racl acti-
vation, therefore, could lead to disruption of apically di-
rected membrane traffic, loss of cell polarity, and, ultimately,
cellular dysfunction.
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