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Report for "Investigation of SNARE-mediated Membrane Trafficking in 
Prostate Cancer Cells" -DAMD17-02-1-0039 

The first part of this project is to investigate the expression and localization of SNARE 
proteins in human prostate cancer tissues and transgenic mouse of prostate cancers 
(Tramp). During the past year, 15 Tramp mice were obtained. By histology, these mice 
showed different stages of prostatic carcinogenesis, with a metastatic lesion in the kidney 
in one mouse, and 6 mice accompanying tumors in the seminal vesicle. 5 cases of human 
prostatic carcinomas were obtained from the Department of Surgical Pathology, 
Cleveland Clinic Foundation. All of these cases were moderately differentiated 
adenocarcinomas without metastasis, which is the most common type of prostate cancer. 
The human prostatic cancer cell line LNCap was also used. 

Major Findings 

•    Plasma membrane t-SNAREs (i.e. syntaxin 3 and syntaxin 4) are expressed in 
human and mouse prostate gland 

Plasma membrane t-SNAREs, i. e. syntaxin 3 and syntaxin 4 in this study, which were 
found to mislocalize to the intracellular vacuoles upon the loss of cell polarity in our 
previous study, were shown to be expressed in the prostate gland and prostate cancer in 
mouse and human by immunofluorescence (Fig. 1) and Western blot (Fig. 2). Syntaxin 3 
is localized to the apical plasma membrane, and syntaxin 4 is localized to the basolateral 
plasma membrane by confocal microscopy. 

Fig. 1 Localization of syntaxin3 (lA) and 4 (IB) in normal mouse prostate gland and 
human prostate gland (IC). Syntaxin 3 and 4 are localized to the apical and basolateral 
membrane of normal prostate epithelial cells, respectively. Syntaxin 3 (lA and IC) and 4 
(IB) are labeled with green color, whereas E-cadherin (lA and IC) and p27 (IB) are 
labeled with red color. 



Expression of syntaxins 3 and 4 was also shown by Western blot analysis using the 
human prostate cancer cell line, LNCap cells (Fig. 2). The expression level of syntaxin 3 
is higher than that of syntaxin 4. 

Fig. 2. Western blot analysis of syntaxins in LNCap cells. 
Total lysate of LNCap cells was run on a 10% SDS gel, 
and immunoblotted with anti-syntaxin 3 (left lane), or 
syntaxin 4 (right lane) antibody. 

•    Syntaxin3 is down-regulated in tumor cells in Tramp mice and in human 
prostate cancers. 

Our preliminary results showed mistargeting of syntaxin 3 and 4 in renal cell carcinoma, 
and down-regulation of syntaxin 3 in Tramp mice. Prostate tissues from 15 Tramp mice 
and 5 human prostate cancers were investigated to investigate whether this is a common 
feature of prostate cancer, and its relationship to the cell polarity, tumor differentiation 
and proliferation. Cell polarity was evaluated by the basolateral marker E-cadherin. The 
cell proliferative status was estimated by the cell cycle protein p27, which is a negative 
regulator of cell proliferation. Syntaxin 3 was found to be down-regulated in 7 of 15 
Tramp mice, and in 4 of 5 human prostate cancers (Fig. 3). But this down-regulation was 
only observed in the poorly-differentiated lesions, not in the prostatic intraepithelial 
neoplasia (PIN). The same phenomenon was not obvious in the expression of syntaxin4 
(data not shown). 
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Fig.3 Expression of syntaxin 3 in human prostate cancer (3A), and Tramp mice (3B and 
3C). Lower expression of syntaxin3 was detected in the poorly-differentiated lesions of 
prostate cancer in human and Tramp mice (double arrow in 3A and 3B), but not in the 
prostatic intraepithelial neoplasia (PIN) (arrow in 3C) compared to well-differentiated 
acinus (arrow in 3A and 3B). 3A immunoreaction was visualized by DAB not by the 
fluorescence. The nuclei were counterstained by heamotoxylin. 

•    Syntaxin 3 and 4 are mislocalized to intracellular vesicles in metastatic prostate 
cancer cells 



One Tramp mouse exhibited a metastatic cancer in the right kidney (the left kidney was 
normal). The histology showed similar structures to the primary carcinomas in the 
prostate, but with less-differentiation (Fig. 4A and B). The localization of syntaxin 3 and 
4 was in intracellular structures instead of plasma membrane. The same localization was 
found in a human prostatic cancer cell line (originated from metastatic cancer to the 
lymph node), LNCap cells (Fig.5A and 5B). In contrast, intracellular localization of 
syntaxin 3 or 4 was not detectable in human prostate cancer. The likely reason is that the 
available cases used were moderately differentiated adenocarcinomas, which still retain 
the cell polarity, as shown by basolateral E-cadherin, although we did detect the down- 
regulated syntaxin 3 and E-cadherin. This suggests that the intracellular localization of 
syntaxin 3 is related to the complete loss of cell polarity. More aggressive, poorly- 
^i^glgE^i^^^^ human prostate cancers or metastatic lesions will be used to confirm this. 

Fig. 4. Localization of syntaxin 3 
(4A) and 4 (4B) in the metastatic 
cancer of Tramp mouse in the 
kidney. Syntaxin 3 and 4 were 
found to be intracellular (labeled 
with green color). E-cadherin (4A) 
and p27 (4B) were labeled with red 
color 

Fig. 5 Localization of syntaxin 
3 (5A) and 4 (5B) in LNCap 
cells. Syntaxin 3 and 4 are 
intracellularly stained (green 
color) 

Overall, our results suggest that down-regulation and mislocalization of t-SNARE 
proteins (e. g. syntaxin 3 and 4) plays a role in the progression of prostate cancer. 

Scientific training and papers published under the support of this award 

During this study, I have had a great opportunity to collaborate with many scientists who 
work in the field of prostate cancer, especially the researchers in Dr. Warren Heston s 
laboratory at the Department of Cancer Biology of the Cleveland Clinic. I learned how to 
dissect the mouse prostate, and to identify the histological structures of different lobes of 
the prostate. I attend the monthly research updates on the urological research in the 
Cleveland Clinic Foundation, communicate the ideas on the research of prostate cancer. 
Last year I attended the Cell Biology Retreat between the Cleveland Clinic Foundation 
and Case Western Reserve University, and the annual meeting of American Society of 
Cell Biology in San Francisco. One first-author paper {American Journal of Physiology 
283: Fl 111—Fl 122see attached ) was published under the support of this award which 



lays the groundwork for our investigation of syntaxins in the prostate and prostate cancer. 
This paper describes our detailed analysis of syntaxin expression and subcellular 
localization in epithelial cell types along the renal tubule. Renal epithelial cells are now 
by far the best characterized epithelial system with respect to the SNARE membrane 
fusion machinery and will serve as a reference standard for our work on the prostate 
epithelium. 

Altogether four papers were authored or co-authored as follows: 

Li, X., Low, S.H., Miura, M. and Weimbs, T. (2002) 
Differential SNARE Expression and Localization in Renal Epithelial Cells suggests 
mechanism for establishment of distinct trafficking phenotypes. 
American Journal of Physiology 283: Fl 111-Fl 122 

Low, S.H., Marmorstein, L.Y, Miura, M., Li, X., Kudo, N., Marmorstein, A.D. and 
Weimbs, T. (2002) 
Retinal pigment epithelial cells exhibit unique expression and localization of plasma 
membrane syntaxins which may contribute to their trafficking phenotype. 
Journal of Cell Science 115, 4545-4553 

Kreitzer, G., Schmoranzer, J., Low, S.H., Li, X., Gan, Y., Weimbs, T., Simon, S.M. and 
Rodriguez-Boulan, E. (2003) 
Three-dimensional Analysis of Post-Golgi Carrier Exocytosis in Epithelial Cells. 
Nature Cell Biology 5, 126-136 

Weimbs, T., Low, S.H. and Li, X. (2003) 
SNAREs and epithelial cells 
Methods: A Companion to Methods in Enzymology (in press) 
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SNARE expression and localization in renal epithelial cells 
suggest mechanism for variability of trafficking phenotypes 
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Li, Xin, Seng Hui Low, Masumi Miura, and Thomas 
Weimbs. SNARE expression and localization in renal epi- 
thelial cells suggest mechanism for variability of trafficking 
phenotypes. AmJPhysiol Renal Physiol 283: F1111-F1122, 
2002; 10.1152/ajprenal.00185.2002.—The apical- and baso- 
lateral-specific distribution of target soluble A^-ethylmaleim- 
ide-sensitive factor attachment protein receptors (t-SNAREs) 
of the syntaxin family appear to be critical for polarity in 
epithelial cells. To test whether differential SNARE expres- 
sion and/or subcellular localization may contribute to the 
known diversity of trafficking phenotypes of epithelial cell 
types in vivo, we have investigated the distribution of syn- 
taxins 2, 3, and 4 in epithelial cells along the renal tubule. 
Syntaxins 3 and 4 are restricted to the apical and basolateral 
domains, respectively, in all cell types, indicating that their 
mutually exclusive localizations are important for cell polar- 
ity. The expression level of syntaxin 3 is highly variable, 
depending on the cell type, suggesting that it is regulated in 
concert with the cellular requirement for apical exoc3^ic 
pathways. While syntaxin 4 localizes all along the basal and 
lateral plasma membrane domains in vivo, it is restricted to 
the lateral membrane in Madin-Darby canine kidney 
(MDCK) cells in two-dimensional monolayer culture. When 
cultured as cysts in collagen, however, MDCK cells target 
syntaxin 4 correctly to the basal and lateral membranes. 
Unexpectedly, the polarity of syntaxin 2 is inverted between 
different tubule cell types, suggesting a role in establishing 
plasticity of targeting. The vesicle-associated (v)-SNARE en- 
dobrevin is highly expressed in intercalated cells and colo- 
calizes with the H^-ATPase in a- but not p-intercalated cells, 
suggesting its involvement in H^-ATPase trafficking in the 
former cell type. These results suggest that epithelial mem- 
brane trafficking phenotypes in vivo are highly variable and 
that different cell types express or localize SNARE proteins 
differentially as a mechanism to achieve this variability. 

syntaxin; endobrevin; membrane traffic; cell polarity; mem- 
brane fusion 

THE VAST MAJORITY OF HUMAN Cell types are polarized, i.e., 
they exhibit asymmetry, which is essential to their 
function. This includes epithelial cells, which form 
barriers between the outside world and the underlying 
basement membrane and connective tissue and make 
up most major human organs. Establishment and 
maintenance of epithelial cell polarity depend on the 

precise targeting of proteins to the apical and basolat- 
eral plasma membrane domains using vesicular trans- 
port pathways (41, 44). The underlying mechanisms of 
polarized trafficking in epithelial cells have been inten- 
sively studied in vitro using model cell lines, most 
frequently in the Madin-Darby canine kidney (MDCK) 
cell line derived from the distal renal tubule (62). 

The soluble A''-ethylmaleimide-sensitive factor at- 
tachment protein receptor (SNARE) membrane fusion 
machinery is essential for all membrane trafficking 
pathways investigated to date (10, 24). Target (t)- 
SNAREs of the syntaxin family generally localize to 
distinct compartments and organelles, where they me- 
diate the fusion of specific incoming trafficking path- 
ways. Membrane fusion can only occur with matching 
combinations of vesicle-associated (v)- and t-SNAREs 
(38, 56), suggesting that SNAREs contribute to the 
specificity of membrane traffic. 

In MDCK cells, syntaxins 3 and 4 are mutually 
exclusively localized to the apical and basolateral 
plasma membrane, respectively (30). Syntaxin 3 is 
involved in apical recycling and in biosynthetic traffic 
from the trans-Golgi network (TGN) to the apical sur- 
face (31). In contrast, syntaxin 4 is involved in TGN- 
to-basolateral trafficking (26). In addition, MDCK cells 
express syntaxins 2 and 11, the functions of which have 
remained unknown, and both of which are localized to 
the plasma membrane in a nonpolarized fashion (30, 
32). These results suggest that the correct localization 
of syntaxins is critical for the fidelity of polarized 
membrane traffic in epithelial cells. 

Higher animal organisms consist of a multitude of 
epithelial cell types, each of which has specific func- 
tions. They vary not only in their proteome of plasma 
membrane proteins but also in the way they sort and 
target them to their final destination. Identical pro- 
teins can be localized to opposite surfaces in different 
epithelial cell types. A classic example is the H"*"- 
ATPase, which is apically localized in a-intercalated 
cells of the renal distal tubule, whereas it is basolateral 
in p-intercalated cells (1, 7). The final polarity of a 
given protein may also be identical between two cell 
types, but the route by which the proteins reach their 

Address for reprint requests and other correspondence: T. Weimbs, 
Dept. of Cell Biology, Lerner Research Institute, NCIO, The Cleve- 
land Clinic, 9500 Euclid Ave., Cleveland, OH 44195 (E-mail: 
weimbst@lerner.ccf.org). 
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surface differs. For example, MDCK cells target almost 
all newly synthesized apical proteins (including the 
influenza virus hemagglutinin) directly from the TGN 
to the apical surface. In contrast, the retinal pigment 
epithelium targets the influenza virus hemagglutinin 
to the apical plasma membrane indirectly by transcy- 
tosis via the basolateral domain (4). Hepatocytes are 
an extreme case and transport virtually all apical pro- 
teins by transcytosis (23). The epithelial sorting phe- 
notype can also change during the development of a 
polarized monolayer (66). Therefore, great variability 
exists in the protein-targeting phenotypes among epi- 
thelial cell types. 

It is unclear whether results obtained from MDCK 
cells are necessarily valid for all epithelial cell types in 
vivo. Moreover, it is unknown how the observed differ- 
ences in targeting phenotypes between epithelial cell 
types are achieved mechanistically. We sought to in- 
vestigate whether differences in the expression and/or 
subcellular localization of syntaxins may be part of this 
mechanism. We tested this by investigating syntaxins 
in epithelial cells along the renal tubule. There are 14 
recognizably different epithelial cell types in the kid- 
ney (1), which play specific roles such as absorption of 
proteins and the maintenance of water, ions, and acid- 
base balance. Differences in membrane trafficking phe- 
notypes between renal epithelial cell types are well 
known (1, 8, 9). MDCK cells are Hkely derived from the 
collecting duct (39), but they also have characteristics 
of other tubule segments (9). Investigating SNAKEs 
along the renal tubule makes it possible to compare 
different epithelial cell types side by side and to relate 
results to the most widely used model system, MDCK 
cells. 

Here, we report similarities and differences between 
renal epithelial cells in vivo and MDCK cells. Cell 
types along the renal tubule differ in the expressed 
complement of SNAREs as well as in their subcellular 
localization. Altogether, our results suggest that the 
modulation of SNARE expression and localization is 
used by epithelial cells as a mechanism to achieve the 
known plasticity of sorting phenotypes. 

MATERIALS AND METHODS 

Antibodies. Rabbit polyclonal antibodies against rat syn- 
taxins 2, 3, and 4 were generated against bacterially ex- 
pressed glutathione-S-transferase (GST) fusion proteins of 
the cytoplasmic domains of the respective syntaxin isoforms 
as described previously (32). In addition, polyclonal antibod- 
ies against the -100 NH2-terminal amino acids of human 
syntaxins 3 and 4 were raised. All antibodies were affinity 
purified using the respective syntaxin cytoplasmic domains 
that were separated from GST by thrombin cleavage and 
coupled to Affigel (Bio-Rad, Richmond, CA). Rabbit anti- 
serum was raised against a GST fusion protein of the cyto- 
plasmic domain of rat endobrevin. The expression plasmid 
was a gift from Wanjin Hong (Institute for Molecular and 
Cell Biology, Singapore). The endobrevin antibody was affin- 
ity purified as described above. As confirmatory controls, the 
following antibodies were used: affinity-purified polyclonal 
rabbit antibodies against rat syntaxins 2, 3, and 4 (described 
in Ref 30; kindly provided by Mark Bennett and Beatriz 

Quiiiones, University of California Berkeley); a monoclonal 
antibody against human syntaxin 4 (Transduction Laborato- 
ries); and a polyclonal antibody against the cytoplasmic do- 
main of rat syntaxin 2 (Synaptic Systems, Gottingen, Ger- 
many). Rabbit antibodies against the 33- and 70-kDa 
subunits of the vacuolar H+-ATPase (51) were kindly pro- 
vided by Xiao-Song Xie (University of Texas, Southwestern 
Medical Center). Mouse monoclonal anti-band 3 antibody 
was kindly provided by Michael Jennings (University of 
Arkansas for Medical Sciences). Rabbit polyclonal anti-aqua- 
porin-1 was obtained from Chemicon (Temecula, CA). Mouse 
monoclonal anti-calbindin D28 was from Sigma (St. Louis, 
MO). Rhodamine-labeled lectin Dolichos biflorus agglutinin 
was from Vector Labs (Burlingame, CA). Sheep polyclonal 
anti-Tamm-Horsfall glycoprotein was purchased from Bio- 
genesis (Brentwood, NH). 

Immunoblot analysis. Male Sprague-Dawley rats were eu- 
thanized by decapitation, and the kidneys were removed. 
Cortex and medulla were microdissected under a microscope 
and finely minced with a razor blade. Tissue was homoge- 
nized in ice-cold PBS with protease inhibitors (phenylmeth- 
ylsulfonyl fluoride, leupeptin pepstatin, chymostatin, anti- 
pain, benzamidine, trasylol) using a Bounce homogenizer. 
The homogenates were first spun at 500 g for 2 min to pellet 
nuclei. The supernatants were then centrifuged at 13,000 g 
for 20 min to obtain the membrane fractions. Membrane 
fractions and supernatants (equal protein amounts) were 
separated by 15% SDS-PAGE. The proteins were transferred 
to polyvinylidene difluoride membranes and analyzed using 
the affinity-purified polyclonal anti-syntaxins 2, 3, or 4 anti- 
bodies, horseradish peroxidase-conjugated secondary anti- 
bodies (Jackson ImmunoResearch, West Grove, PA), and 
ECL (Pierce, Rockford, IL). 

Immunolocalization in tissue sections. Sprague-Dawley 
male rats (230-250 g) were anesthetized by intraperitoneal 
administration of pentobarbital sodium, systemically hepa- 
rinized, and perfused via the left ventricle with 4% parafor- 
maldehyde in PBS with 1 mM calcium and 1 mM magnesium 
for 20 min. The kidneys were removed and cut into small 
blocks, which were further fixed in the same fixative over- 
night at 4°C. The blocks were dehydrated through serial 
ethanol and xylene and embedded in paraffin. Immunostain- 
ing was carried out on 5-|xm sections. After deparaffinization 
and rehydration to PBS, the sections were pressure-cooked in 
10 mM citric acid buffer, pH 6.0, for antigen retrieval. The 
sections were blocked with 3% BSA, 2% Triton X-100 in PBS 
and incubated with the indicated antibodies overnight at 
4°C. To identify different tubule segments and cell types, 
double immunofluorescence staining of the same or serial 
sections was performed with the following: mouse anti- 
calbindin for the principal cells of connecting tubules and 
collecting ducts in the cortex (42); anti-H+-ATPase polyclonal ' 
antibodies and anti-band 3 monoclonal antibody for interca- 
lated cells (2); rabbit anti-aquaporin-1 polyclonal antibody 
for proximal tubule and descending Umb of the loop of Henle ^ 
(45); sheep anti-Tamm-Horsfall glycoprotein for thick as- 
cending limb of the loop Henle (65); and rhodamine-labeled 
D. biflorus agglutinin for proximal tubules and collecting 
ducts (65). The reactions were visuaUzed by fiuorescein- or 
Texas red-labeled secondary antibodies (Jackson ImmunoRe- 
search). Signals for syntaxins 3 and 4 were amplified by 
incubating with Alexa 488-labeled rabbit anti-FITC antibody 
(Molecular Probes, Eugene, OR) subsequent to the FITC- 
labeled secondary antibodies. Syntaxin 2 signals were ampli- 
fied by tyramide signal amplification (TSA-Direct, NEN Life 
Science Products, Boston, MA). For simultaneously locahzing 
two proteins recognized by rabbit primary antibodies, FITC- 
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or rhodamine-labeled Fab fragments of the secondary anti- 
body (Jackson ImmunoResearch) were used after incubation 
with the first rabbit primary antibody. The sections were 
shortly fixed with 4% paraformaldehyde, then incubated with 
the second rabbit primary antibody, followed by Texas red- or 
FITC-labeled secondary antibody. 

To eliminate cross-reactivity of syntaxin antibodies against 
related syntaxins, primary antibodies were preincubated 
with 2% native and 2% heat/SDS-denatured total lysates of 
Escherichia coZi-expressing GST fusion proteins of the non- 
relevant syntaxins. For example, bacterial lysates of syntax- 
ins 2 and 3 were added to anti-syntaxin 4 antibody incuba- 
tions. The fiuorescent staining was analyzed using a confocal 
laser scanning microscope (TCS-NT, Leica, Bensheim, Ger- 
many). 

Expression levels of syntaxins and endobrevin in different 
tubule segments were estimated as follows. Fluorescent im- 
ages of multiple fields were acquired using identical exposure 
settings, ensuring that the regions of brightest signals did 
not exceed the maximal intensity of the eight-bit signal. The 
background was subtracted using Adobe Photoshop. Pixel 
values of each tubule type were integrated using National 
Institutes of Health IMAGE 1.61 software. For each type of 
tubule, at least three tubules were counted. The intensity 
values were divided by the number of cells in each tubule and 
averaged. 

Cell culture, transfection, and immunolocalization in cul- 
tured cells. MDCK strain II cells were cultured in MEM 
containing Earle's salts and supplemented with 10% FBS, 
100 U/ml penicillin, and 100 n,g/ml streptomycin in 5% CO2. 
Cells were cultured on Transwell polycarbonate filters (12 
mm, 0.4-|j,m pore size. Corning Costar, Cambridge, MA) for 
4-5 days (polarized) or for 1 day (semipolarized). For expres- 
sion of COOH-terminal epitope-tagged S3rntaxin 4, human 
syntaxin 4 cDNA was cloned into a modified pcDNA4/T0 
vector (Invitrogen) to add two COOH-terminal myc epitope 
tags in tandem and one hexahistidine tag to the COOH 
terminus. MDCK cells were transfected, and stable clones 
were isolated by Zeocin selection. The additional epitope tags 
did not interfere with the correct polarized targeting of syn- 
taxin 4 and allowed detection at the plasma membrane by 
surface immunolabeling. 

For surface staining of epitope-tagged sjTitaxin 4, cells on 
Transwell filters were incubated with anti-myc antibody 
(9E10) antibody for 2 h on ice. After several washes, cells 
were fixed with 4% paraformaldehyde in PBS and incubated 
with FITC-labeled secondary antibody. The culture and im- 

munostaining of MDCK cells in collagen gels have been 
described previously (52). 

RESULTS 

Only membrane-bound isoforms of syntaxins 2, 3, 
and 4 are expressed in rat kidney. Polyclonal antibodies 
were raised against GST fusion proteins of the full- 
length cj^oplasmic domains of rat syntaxins 2,3, and 
4. The antibodies were affinity purified using the im- 
mobilized, thrombin-cleaved syntaxin domains and 
tested for their isoform specificity by Western blot 
analysis. A low degree of cross-reactivity was observed, 
which could be completely eliminated by preincubating 
each syntaxin antibody with the GST fusion proteins of 
the others, resulting in specific signals. Therefore, pre- 
incubation was used for all subsequent experiments. 

Isoforms of syntaxins 2 and 3, derived from alterna- 
tive RNA splicing, have been identified previously (20, 
22, 53, 55). They all differ only in the COOH-terminal 
parts of the molecules, and our antibodies are pre- 
dicted to react with all of them. Some of these isoforms 
lack COOH-terminal transmembrane anchors, and 
previous results indicated that some of the syntaxin 2 
isoforms are not membrane bound and purify in soluble 
cytoplasmic fractions (53). To investigate whether sol- 
uble syntaxin isoforms may be expressed in rat kidney, 
medulla and cortex were dissected, and total mem- 
brane and c3?tosol fractions were analyzed by immuno- 
blotting. Figure 1 shows that all syntaxins are detected 
exclusively in the membrane fractions. Only single 
bands of the expected size of the full-length proteins 
are detected, except for syntaxin 2, which shows a faint 
additional band of slightly higher molecular weight. No 
significant differences were detected between renal 
cortex and medulla. These results indicate that the 
majority of syntaxins 2, 3, and 4 in rat kidney are 
membrane-associated isoforms. 

The apical and basolateral localization of syntaxins 3 
and 4 are conserved in all renal epithelial cell types. In 
MDCK cells, syntaxins 3 and 4 are mutually exclu- 
sively localized at the apical and basolateral plasma 
membrane domains, respectively, where they function 

Syntaxin 2 Syntaxin 3 Syntaxin 4 

Medulla       Cortex 

C    M    C    M 
Medulla       Cortex 

C    M    C    M 
Medulla       Cortex 

C    M    C    M kDa 
- 82 

- 62 
- 49 

- 37 

-  25 

-  19 

-  14 

Fig. 1. Western blot analysis of sjoitaxins 2, 3, and 4 in 
rat kidney. Cortex and medulla were dissected under a 
microscope. Cytosolic (C) and membrane (M) protein 
fractions were isolated (see MATERIALS AND METHODS). 
Using affinity-purified antibodies against syntaxins 2, 
3, and 4, 5 [xg for syntaxins 2 and 3 or 20 |xg for syntaxin 
4 of total proteinAane were investigated by immuno- 
blotting. Note that all syntaxins fractionate with total 
membranes and that their abundance is similar be- 
tween renal cortex and medulla. 
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in polarized pathways (30, 31). To determine whether 
this is a general feature of all epithehal cell types along 
the renal tubule, we investigated their expression and 
localization by confocal immunofluorescence micros- 
copy on rat kidney tissue sections. Individual tubule 
segments and cell tjrpes were identified by colabeling 
with lectins or antibodies against well-characterized 
marker proteins (see MATERIALS AND METHODS). Figure 2 

shows that without exception, sjTitaxins 3 and 4 are 
restricted to the apical and basolateral plasma mem- 
brane domains, respectively, in all renal epithelial cell 
types. 

The expression level of sjoitaxin 3 varies signifi- 
cantly between different cell types (for semiquantita- 
tive analysis, see Fig. 7). It is most highly expressed in 
proximal convoluted tubules, in which it localizes to 
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calyx                                     MCD 
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Fig. 2. Localization of syntaxins 3 and 4. Rat kidney sections were immunostained using affinity-purified syntaxin 
antibodies and colabeled with various segment-specific markers. Representative examples are shown. A, B, and C: 
syntaxin 3 labels in green (G). T) and E: syntaxin 4 labels in green. Colabeling in red (R) is for calbindin (A), band 
3 (C), and occludin {E). A and D show representative fields of renal cortex, whereas B, C, and E show medullary 
fields. Note that the subcellular localizations of syntaxins 3 and 4 are always restricted to the apical or basolateral 
plasma membrane, respectively. The intensity of staining is variable for syntaxin 3, with the highest level in the 
convoluted part of proximal tubules. Syntaxin 3 expression is weakest in the thick ascending limb of the loop of 
Henle. Syntaxin 4 is more uniformly expressed with the highest level in proximal tubules (D). Note that syntaxin 
4 localizes to both the lateral and the basal membranes of all epithelial cell types. Abbreviations for this and 
subsequent figures are syn3 and syn4, Syntaxins 3 and 4, respectively; ATL, ascending thin hmb of the loop of 
Henle; CCD, cortical collecting duct; CNT, cortical connecting tubule; DCT, distal convoluted tubule; DTL, 
descending thin limb of the loop of Henle; G, glomerulus; IC, intercalated cell; MCD, medullary collecting duct; PC, 
principal cell; PCT, proximal convoluted tubule; PST, proximal straight tubule; TAL, thick ascending hmb of the 
loop of Henle; TL, thin loop of Henle. Bars, 20 (jim. 
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the apical brush border (Fig. 2A). The expression level 
per cell is at least 10-fold lower in the thick ascending 
loop of Henle. Expression levels in other tubule seg- 
ments are intermediate (Fig. 2, B and C). 

In contrast to syntaxin 3, the expression level of 
syntaxin 4 is more uniform along the renal tubule. It is 
evenly distributed along the basal and lateral plasma 
membrane domains of all cell types. Syntaxin 4 also 
prominently localizes to the basal infoldings in cell 
types that possess them, such as proximal tubule cells 
(Fig. 2D). 

All immunostaining results were confirmed using 
independently raised antibodies against rat syntaxins 
3 and 4 (see MATERIALS AND METHODS). Furthermore, 
poly- and monoclonal antibodies against human syn- 
taxins 3 and 4 were used in human kidney. In all cases, 
identical results were obtained (data not shown). To- 
gether, these results indicate that the mutually exclu- 
sive localizations of syntaxins 3 and 4 are highly con- 
served, suggesting that their apical- and basolateral- 
specific functions, respectively, are critical for the 
maintenance of epithelial cell polarity. The finding that 
the expression level of syntaxin 3 is highly cell type 
dependent indicates that syntaxin 3-dependent apical 
trafficking pathways vary among cell types and that 
renal epithelial cells have the ability to regulate its 
expression level, depending on their trafficking pheno- 
type. 

The polarity of syntaxin 2 is reversed between renal 
epithelial cell types. Investigation of syntaxin 2 local- 
ization revealed an unexpected pattern (Fig. 3). Ex- 
pression is highest in medullary collecting ducts and 
the loop of Henle, where syntaxin 2 is restricted to the 
apical domain (Fig. 3, B and C). In contrast, most 
cortical tubule segments do not express detectable lev- 
els of syntaxin 2, except for the principal cells of con- 
necting tubules and collecting ducts (Fig. 3A). In these 

cells, syntaxin 2 is localized to the basolateral domain. 
Therefore, the localization of syntaxin 2 is inverted 
between cortical and medullary principal cells. This 
suggests that localizing sjnataxin 2 to different plasma 
membrane domains may be part of a mechanism to 
modulate epithelial sorting phenotypes. Again, the re- 
sults could be confirmed with two independently raised 
anti-syntaxin 2 antibodies, resulting in identical stain- 
ing patterns in rat and mouse kidney (not shown). 

Syntaxins in intercalated cells. A striking example of 
the plasticity of epithelial sorting phenotypes are in- 
tercalated cells of the cortical connecting tubules and 
collecting ducts. One of their main functions is the 
maintenance of acid-base homeostasis. They exist in 
two varieties: a-cells, which secrete protons and target 
the H*-ATPase apically, and P-cells, which secrete 
bicarbonate and target the H*-ATPase basolaterally 
(1, 9). In addition, a bicarbonate exchanger and other 
proteins are differentially targeted in these two cell 
types. It has been suggested that a-cells can convert 
into p-cells and vice versa, depending on the acid-base 
status of the organism (8). Therefore, it is thought that 
the conversion between a- and (B-cells involves an in- 
version of cell polarity, which implies that the molec- 
ular machineries for vesicle targeting would be in- 
verted. If this were the case, we would expect that one 
or more plasma membrane syntaxins would be differ- 
ently localized between a- and |3-cells. To test this 
theory, cortical a- and p-cells were identified by immu- 
nostaining with an antibody against the 70-kDa sub- 
unit of H'*^-ATPase. The localizations of syntaxins 2, 3, 
and 4 were defined by colabeling. Figure 4 shows that 
the apical and basolateral localization, respectively, of 
syntaxins 3 (Fig. 45) and 4 (Fig. 4C) do not change 
between a- and ^-intercalated cells. Syntaxin 2 is ex- 
pressed and basolaterally localized in the neighboring 
principal cells as described above but is undetectable in 
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Fig. 3. Localization of syntaxin 2. Rat kidney sections were immunostained for syntaxin 2 (syn2; A-C, green) and 
vacuolar H*-ATPase (A, red), or the tight junction protein occludin (S and C, red). A: representative field of kidney 
cortex. B: cortex (top left) and medulla (bottom right). C: higher magnification of medullary tubules. Syntaxin 2 is 
expressed in endothelial cells (EC) of the glomeruli (G) and between the tubules. Of the cortical epithelial cells, 
syntaxin 2 is only expressed in the principal cells of the connecting tubules and collecting ducts (A), in which it is 
basolaterally localized. In contrast, in the medulla, syntaxin 2 is apically localized in the thin limb of the loop of 
Henle and principal cells of collecting ducts (B and C). Bars, 20 (im. 
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syn2 (G), H"-ATPase (R) syn3 (G), H^-ATPase (R) syn4 (G), H"-ATPase (R) 

Fig 4 Syntaxin localization in a (alO- and p-IC (piC). Cortical ctIC and piC were identified by immunolocaliza- 
tion of the vacuolar H+-ATPase (red), which is apical in alC and basolateral in piC. PC are negative for the 
H+-ATPase Syntaxin 2 (A) is only expressed in PC but not in intercalated cells. Syntaxin 3 (S) is expressed and 
apically localized in all 3 cell types. Similarly, syntaxin 4 (C) is basolaterally localized in all 3 cell types. Bars, 
20 iJim. 

intercalated cells (Fig. 4A). The differential sorting 
phenotypes of a- and p-intercalated cells can therefore 
not be explained by differential localization of these 
plasma membrane syntaxins. These results make it 
unlikely that polarized membrane trafficking in gen- 
eral is inverted between these cell types. 

Endobrevin is highly expressed in apical endosomes 
in proximal tubules and intercalated cells. Endobrevin/ 
vesicle-associated membrane protein-8 is a member of 
the synaptobrevin family of v-SNAREs and implicated 
in early and/or late endosome fusion in nonpolarized 
cells (3). In polarized MDCK cells, green fluorescent 
protein (GFP)-tagged endobrevin has been reported to 
cycle between endosomes and the apical plasma mem- 
brane, indicating that it may be involved in an apical 
endocytic/recycling pathway in epithelial cells (58). We 
found that proximal tubule cells exhibit the highest 
expression levels of endobrevin. In these cells, endo- 
brevin localizes to a narrow band of vesicles clustered 
underneath the apical brush border (Fig. 5A). Costain- 
ing for endobrevin and syntaxin 3 reveals no overlap 
(Fig. 5B). This is the characteristic locahzation of the 
extensive endocytic apparatus of proximal tubules in- 
volved in reabsorption of proteins from the ultrafiltrate 
(9, 37). The prominent locahzation of endobrevin on 
these apical endosomes, together with the previous 
finding of cycling of GST fusion protein-endobrevin 
through the apical plasma membrane of MDCK cells 
suggests that this protein may function as a v-SNARE 
on vesicles that recycle back to the apical brush border 
of proximal tubule cells. 

Endobrevin is also highly expressed in intercalated 
cells of the connecting tubules and collecting ducts 
(Fig. 5, C and D). In a-intercalated cells, endobrevin 
colocalizes with the vacuolar H+-ATPase in the apical 
cytoplasm. In contrast, in p-intercalated cells endobre- 
vin is distributed throughout the cytoplasm and shows 
no colocalization with the H+-ATPase. The vacuolar 
H+-ATPase is known to cycle between endosomes and 

either apical or basolateral plasma membrane in a- 
and p-intercalated cells, respectively (1, 9). This result 
therefore suggests that endobrevin is involved in the 
apical recycling pathway of the H"^-ATPase in a-inter- 
calated cells, whereas a different v-SNARE is likely 
involved in basolateral recycling in p-intercalated 
cells. Lower amounts of endobrevin are expressed in all 
other tubule epithehal cells in intracellular vesicles 
(see Fig. 7). 

The in vivo localization of syntaxin 4 differs from that 
in cultured MDCK cells. The subcellular locahzation of 
syntaxin 4 in vivo, as described above, differs from its 
localization in cultured MDCK cells. Endogenous syn- 
taxin 4 is concentrated at the lateral plasma mem- 
brane domain in polarized MDCK cells cultured on 
Transwell filters (Fig. 6A). In contrast, very little if any 
syntaxin 4 is detectable at the basal domain. This 
result could be confirmed in stably transfected MDCK 
cells expressing COOH-terminal myc-tagged syntaxin 
4. The epitope tags are designed to protrude out of the 
cells, allowing surface labeling of live, intact cells. The 
subcellular locahzation of myc-tagged syntaxin 4 is 
identical to the endogenous protein (Fig. 6B). 

In contrast, in subconfluent, semipolarized MDCK 
cells, syntaxin 4 locahzes to the basal membrane that 
is in contact with the substratum (Fig. 6C). Therefore, 
during the development of a polarized monolayer, syn- 
taxin 4 relocalizes from the basal to the lateral domain. 
The absence of a basal syntaxin 4 signal in polarized 
MDCK cells is not an artifact of the acquisition of 
confocal optical sections in the X-Z direction because 
the basal signal is clearly detectable in subconfluent 
cells under the same conditions. This result predicts 
that the majority of basolateral vesicle traffic in MDCK 
cells will be toward the lateral, not the basal, plasma 
membrane domain. This is in excellent agreement with 
our recent experiments in which basolateral trafficking 
of post-Golgi transport vesicles in MDCK cells was 
monitored by time-lapse fluorescence microscopy (Kre- 
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Fig. 5. Localization of endobrevin. En- 
dobrevin is expressed in all epithelial 
cell types of the renal tubule, where it 
localizes to intracellular vesicles. It is 
most highly expressed in the convo- 
luted proximal tubule [endobrevin (En- 
dobr) is green, fibronectin is red, and 
nuclei are blue; A], in which it localizes 
to the prominent endosomes under- 
neath the apical brush border. C and I): 
cortical connecting tubule costained for 
the vacuolar H+-ATPase and endobre- 
vin, respectively. In alC, endobrevin is 
highly expressed and colocalizes with 
the H+-ATPase in the apical region of 
the cells. In contrast, the expression 
level of endobrevin is lower in piC and 
distributed throughout the cytoplasm. 
Expression is lowest in the PC. Bars, 
10 (xm. 

itzer G, Schmoranzer J, Low SH, Li X, Gan Y, Weimbs 
T, Simon SM, and Rodriguez-Boulan E, unpublished 
observations). All "basolateral" fusion events occurred 
at the lateral domain, whereas no fusion was detected 
at the basal domain. In contrast, basolateral vesicles 
can fuse efficiently with the basal membrane of nonpo- 
larized MDCK cells. Together, these results suggest 
that the subcellular localization of syntaxin 4 can serve 
as an indicator of the location of fusion sites in the 
trafficking pathways that depend on this SNARE. 

In contrast to polarized MDCK cells, collecting duct 
cells in vivo, those from which MDCK cells are derived, 
exhibit very prominent basal staining of syntaxin 4 in 
addition to the lateral signal (Fig. 2). The same is the 
case for all other renal epithelial cell types in vivo. This 
suggests that the entire basolateral plasma membrane 
of renal epithelial cells in vivo is fusion competent for 
basolateral trafficking. Therefore, these results indi- 
cate that MDCK cells cultured on Transwell filters do 
not correctly reproduce the in vivo phenotype with 
respect to the localization of syntaxin 4 and basolateral 
trafficking. We investigated whether a culture system 
that more closely approximates the renal tubule may 
yield different results. MDCK cells can be cultured in 
gels of type I collagen, in which they form hollow 
spherical cysts that are lined by a monolayer of polar- 

ized cells. Under these conditions, syntaxin 4 localized 
all along the basal and lateral plasma membrane do- 
mains identically to native collecting duct cells in vivo. 
This suggests that MDCK cell culture in three-dimen- 
sional cysts more closely approximates the in vivo 
situation than does two-dimensional culture on Trans- 
well filters and that vesicle fusion may occur all along 
the basolateral membrane. 

DISCUSSION 

Here, we report differences and similarities in the in 
vivo localization of plasma membrane syntaxins in the 
renal epithelium compared with the most widely studied 
in vitro epithelial model system, the MDCK cell line. One 
important finding is that the mutually exclusive localiza- 
tions of syntaxins 3 and 4 are strictly conserved in all 
epithelial cell types. Without exception, syntaxin 3 local- 
izes to the apical and sjTitaxin 4 to the basolateral do- 
main. SjTitaxin 3 has also previously been found to be 
apical specific in the Caco-2 colon epithelial cell line (6, 
12, 17, 54) and in hepatocytes (15). Syntaxin 4 has been 
foimd on the basolateral plasma membrane of pancreatic 
acinar cells (16). Collectively, these results indicate that 
the polarized apical or basolateral localization, respec- 
tively, of syntaxins 3 and 4 is a common feature of 
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epithelial cells. This suggests that the strict separation of 
these two syntaxins is necessary for the establishment of 
distinct sites of polarized vesicle exocytosis and hence for 
the development and integrity of cell polarity. 

We were unable to confirm previous results by an- 
other group that reported opposite polarities of s3Titax- 
ins 3 and 4 in rat kidney (5, 35, 36). However, our 
results are in agreement with data by Lehtonen et al. 
(28), who used an independently raised antibody to 
investigate the localization of syntaxin 3 in developing 
mouse kidney and observed identical expression and 
subcellular localization, as presented here. We could 

confirm our immunolocalization data with several in- 
dependent antibodies against syntaxins 3 and 4 in rat, 
mouse, and human kidney sections. In all cases, iden- 
tical results were obtained. The cause for the afore- 
mentioned contradictory results remains unknown. 

It is plausible that the cellular expression level of a 
given SNARE is at least a rough measure of the 
amount of traffic that depends on this SNARE and 
occurs in a given cell. For example, neurons express 
very high quantities of syntaxin 1, SNAP-25, and syn- 
aptobrevin, which are involved in synaptic vesicle exo- 
cytosis. Even a modest decrease in protein expression 
of syntaxin 1 and SNAP-25 results in decreased insulin 
secretion from pancreatic |3-cells from islets in a rodent 
model of type 2 diabetes (43). Similarly, a 50% reduc- 
tion in the expression level of syntaxin 4 in a heterozy- 
gous knockout mouse causes inhibition of GLUT4 
transport to the plasma membrane in skeletal muscle 
cells (63). This suggests that the expression levels of 
SNAREs must be tightly regulated in concert with the 
cellular requirements for trafficking pathways that 
involve a given SNARE. Our results show that the 
expression level of syntaxin 4 is relatively uniform in 
all renal epithelial cell types (Fig. 7). This suggests 
that it performs a function that is required by all cell 
types. In nonepithelial cells, syntaxin 4 has been im- 
plicated in granule exocytosis in mast cells (50) and 
platelets (13) and insulin-stimulated GLUT4 translo- 
cation in skeletal muscle (63) and adipocytes (34, 40, 
49, 60). In MDCK cells, sjnitaxin 4 is required for 
basolateral delivery of newly synthesized vesicular sto- 
matitis virus G protein (26). This variety of trafficking 
pathways together with the uniform expression in re- 
nal epithelial cells suggest that syntaxin 4 functions as 
a "housekeeping" plasma membrane t-SNARE in many 
or all mammaUan cells and that the "housekeeping 
trafficking pathways" in nonepithelial cell types corre- 
spond to pathways that lead to the basolateral domain 
of epithelial cells. Conceptually, the basolateral sur- 
faces of virtually all epithelial cells face a similar 
environment, i.e., the underlying basement membrane 
and endothelial or connective tissue cells. It is there- 

Fig. 6. Localization of syntaxin 4 in Madin-Darby canine kidney 
(MDCK) cell changes, depending on the degree of cell polarity and 
the culture system. A: MDCK cells were cultured on Transwell filters 
for 5 days and colabeled for endogenous syntaxin 4 (green) and the 
tight junction marker zonula occludens-1 (ZO-1; red). Shown is a 
confocal X-Z optical section with the apical plasma membrane at the 
top. Note the exclusively lateral localization of syntaxin 4. B: MDCK 
cells stably expressing COOH-terminal myc-tagged syntaxin 4 were 
cultured as above and subjected to surface labehng using anti-myc 
antibody. Note that the locaUzation of recombinant syntaxin 4 is 
identical to that of the endogenous protein. C: the same cells as in B 
were cultured for 1 day to yield semipolarized cells. Surface immu- 
nolabeling revealed that under these conditions syntaxin 4 localizes 
to both the lateral and basal plasma membrane domains. D: MDCK 
cells were cultured in type-I collagen for the development of 3-di- 
mensional cysts. Endogenous syntaxin 4 (green) and ZO-1 (red) were 
stained by coimmunolabeling and imaged by confocal fluorescence 
microscopy. Note that under these conditions syntaxin 4 localizes to 
both the basal and the lateral plasma membrane domains, resem- 
bling its localization in renal epithelial cells in vivo. Bars, 20 [xm. 
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Fig. 7. Summary of expression and 
subcellular localization of syntaxins 2, 
3, and 4 and endobrevin in different 
segments of the renal tubule. Shown is a 
schematic representation of the renal tu- 
bule with the segments indicated. The 
expression levels per cell of the SNAREs 
were estimated by integrating the pixel 
values of each tubule type as described 
in MATERIALS AND METHODS. The heights 
of the bars represent the relative expres- 
sion levels for each SNARE. For abbre- 
viations, see legend to Fig. 2. 

fore likely that most epithelial cell types have similarly 
abundant common basolateral trafficking pathways 
that depend on syntaxin 4. Plausible examples are the 
secretion of extracellular matrix proteins, the recycling 
of membranes after endocytosis of growth factor recep- 
tors, etc. 

In contrast, trafficking toward the apical surface of 
epithelial cells is expected to be highly cell type depen- 
dent because the environment that an epithelial cell 
faces apically can differ dramatically. This agrees well 
with our finding that the expression level of syntaxin 3 
varies significantly among the renal tubule cell types. 
We have previously shown that syntaxin 3 is involved 
in two pathways in MDCK cells: apical delivery of 
newly synthesized membrane proteins and the apical 
recycling of apically internalized membranes (31). In a 
typical mammalian cell, the volume of recycling far 
outweighs that of biosynthetic traffic to the plasma 
membrane (57, 59). This difference is expected to be 
even more pronounced in nonproliferative, nonsecre- 
tory cell types such as renal tubule cells. Therefore, a 
high expression level of syntaxin 3 would be mostly 
indicative of a highly active apical recycling pathway. 
Indeed, we find the highest level of syntaxin 3 expres- 
sion in the convoluted proximal tubule. This cell type 
exhibits a very high apical endocytosis rate for the 
absorption of proteins from the ultrafiltrate (11, 29, 47) 
and consequently recycles large amounts of membrane 
back to the apical plasma membrane. Interestingly, the 
highest expression level of the v-SNARE endobrevin is 
also found in the convoluted proximal tubule, and it 
localizes on apical endosomes underneath the brush 
border. GFP-tagged endobrevin has been reported to 
cycle through the apical plasma membrane of MDCK 
cells (58). We therefore suggest that in renal epithelial 
cells endobrevin functions as the v-SNARE on recy- 
cling vesicles that fuse with the apical plasma mem- 
brane utilizing syntaxin 3. 

Whereas the polarities of syntaxins 3 and 4 are 
conserved throughout the renal tubule, the polarity of 

syntaxin 2 changes, depending on the cell type. Syn- 
taxin 2 localizes to the basolateral plasma membrane 
in cortical principal cells, while it is apical in the 
principal cells of the medulla and in the thin loop of 
Henle. No expression is detectable in the other cell 
types. This suggests that sjTitaxin 2 is involved in a 
specialized trafficking pathway and that this pathway 
differs between cortical and medullary principal cells. 
We are unaware of a trafficking pathway whose polar- 
ity is known to be reversed in these two cell types. 
However, differences between medullary and cortical 
collecting duct principal cells have been reported pre- 
viously. The apical renal urea transporter is expressed 
in medullary principal cells but absent in cortical prin- 
cipal cells (46). Also, medullary, but not cortical, prin- 
cipal cells exhibit prominent cytoplasmic fodrin stain- 
ing (14). To date, syntaxin 2 has been implicated in two 
fusion events: zymogen granule exocytosis in pancre- 
atic acinar cells (19) and the fusion of the acrosome 
with the plasma membrane of spermatozoa (25). Be- 
cause these cell types differ significantly from renal 
epithelial cells, it is impossible to predict in which 
pathways syntaxin 2 may be involved, and functional 
studies will be required. 

a- and [^-Intercalated cells are classic examples of 
inversed sorting phenotypes between different epithe- 
lial cell types. They differ in their targeting of the 
vacuolar H*-ATPase and other proteins (1, 9), which 
has led to the idea that cell polarity may be generally 
inversed between a- and (3-intercalated cells. However, 
our finding that both cell types exhibit identical polar- 
ities of syntaxins 3 and 4 makes this very unlikely. 
Syntaxin 2 is not expressed in intercalated cells and 
can therefore play no role in differential H+-ATPase 
targeting. It is possible that other, unidentified syntax- 
ins may be differentially expressed at the plasma mem- 
branes of intercalated cells, but these would likely 
serve a very specialized trafficking pathway. We con- 
sider it more likely that the H"''-ATPase is differen- 
tially sorted into "conventional" apical or basolateral 
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trafficking pathways in a- and (3-intercalated cells, 
respectively, which utilize syntaxin 3 or 4. This would 
predict that different classes of Golgi- or endosome- 
derived transport vesicles would be utilized for H^- 
ATPase trafficking in a- and ^-intercalated cells, which 
would likely contain different v-SNAREs. Interest- 
ingly, we found that endobrevin is highly expressed in 
intercalated cells and colocalizes with the H^-ATPase 
in a- but not 3-intercalated cells. This suggests that 
endobrevin is involved in apical H+-ATPase trafficking 
in a-intercalated cells, whereas another v-SNARE 
would perform the equivalent function in p-interca- 
lated cells. 

Cultured MDCK cells are widely used as a model 
system for studying membrane trafficking. Recent at- 
tention has focused on the question of whether exocytic 
events occur all along the apical or basolateral plasma 
membrane domains or whether there are localized re- 
gions of vesicle fusion. It has been proposed that fusion 
events occur at the region of the tight junctions. This is 
based on the finding that several proteins implicated in 
membrane fusion localize there. These include rabS 
(21), rabSb (61), rabl3 (64), the sec6/8 complex or 
exocyst (18), and VAP-A (27). It had seemed odd that 
syntaxins apparently did not specifically localize to the 
tight junctions in MDCK cells. Recently, for the first 
time, the sites of fusion of post-Golgi transport vesicles 
in polarized MDCK cells could be identified by time- 
lapse fluorescence microscopy using GFP-tagged apical 
and basolateral marker proteins (Kreitzer G, Schmo- 
ranzer J, Low SH, Li X, Gan Y, Weimbs T, Simon SM, 
and Rodriguez-Boulan E, unpublished observations). 
These experiments demonstrated that basolateral 
transport vesicles fuse all along the lateral membrane, 
not just at the tight junctions. However, no fusion 
events were observed at the basal membrane. These 
findings agree well with the localization of syntaxin 4 
in these cells, which is present along the lateral, but 
not basal, membrane. In contrast, syntaxin 4 does 
localize to the basal membrane of subconfluent, not 
fully polarized, MDCK cells, which agrees well with the 
observation of basal fusion events under these condi- 
tions (Kreitzer G, Schmoranzer J, Low SH, Li X, Gan 
Y, Weimbs T, Simon SM, and Rodriguez-Boulan E, 
unpublished observations). Altogether, these results 
suggest that the subcellular localization of syntaxins 
identifies the corresponding fusion sites. Because we 
find that syntaxin 4 localizes to both the lateral and 
basal domains of renal epithelial cells in vivo, this in 
turn suggests that vesicle fusion occurs all along the 
basolateral plasma membrane in vivo. Therefore, 
MDCK cells cultured on Transwell filters (the usual 
culture method) do not appear to faithfully reproduce 
the in vivo phenotype with respect to basolateral ves- 
icle fusion. MDCK cells cultured as three-dimensional 
cysts in type-I collagen, however, target syntaxin 4 
correctly to both domains. 

In conclusion, we have shown that the expression 
levels of SNAREs and their subcellular localizations 
can differ very significantly among the epithelial cell 
types along the renal tubule. This agrees well with the 

known differences in epithelial trafficking phenotypes 
and suggests that regulation of SNARE expression and 
localization serves as a cellular mechanism to achieve, 
at least in part, these distinct phenotypes. In turn, the 
dysregulation of SNARE expression or localization 
may lead to abnormal intracellular trafficking and 
disease. Well-known examples of diseases involving 
epithelial cells and defects in polarized trafficking in- 
clude polycystic kidney disease and microvillus inclu- 
sion disease (48). 
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