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Primary cilia are found on many epithelial cell types, including renal tubular epithelial cells, in which they are felt to
participate in flow sensing and have been linked to the pathogenesis of cystic renal disorders such as autosomal dominant
polycystic kidney disease. We previously localized the exocyst, an eight-protein complex involved in membrane traffick-
ing, to the primary cilium of Madin-Darby canine kidney cells and showed that it was involved in cystogenesis. Here,
using short hairpin RNA (shRNA) to knockdown exocyst expression and stable transfection to induce exocyst overex-
pression, we show that the exocyst protein Sec10 regulates primary ciliogenesis. Using immunofluorescence, scanning,
and transmission electron microscopy, primary cilia containing only basal bodies are seen in the Sec10 knockdown cells,
and increased ciliogenesis is seen in Secl0-overexpressing cells. These phenotypes do not seem to be because of gross
changes in cell polarity, as apical, basolateral, and tight junction proteins remain properly localized. Sec10 knockdown
prevents normal cyst morphogenesis when the cells are grown in a collagen matrix, whereas Sec10 overexpression results
in increased cystogenesis. Transfection with human Sec10 resistant to the canine shRNA rescues the phenotype, dem-
onstrating specificity. Finally, Par3 was recently shown to regulate primary cilia biogenesis. Par3 and the exocyst
colocalized by immunofluorescence and coimmunoprecipitation, consistent with a role for the exocyst in targeting and

docking vesicles carrying proteins necessary for primary ciliogenesis.

INTRODUCTION

Cilia are thin rod-like organelles, found on the surface of
many eukaryotic cells, which extend outward from the basal
body, a cellular organelle related to the centriole. Cilia are
classified as primary (nonmotile) or motile and contain a
central axoneme composed of microtubules. In kidney cells,
the primary cilium projects from the basal body, is nonmo-
tile, and exhibits an axoneme microtubular pattern of 9 + 0.
This is in contrast to motile cilia that exhibit a typical 9 + 2
axoneme microtubular pattern of organization. In epithelia
containing numerous motile cilia, the cilia have been ob-
served to have a propulsive function (Fawcett and Porter,
1954), whereas primary cilia are thought to have a mech-
anosensory function, with calcium acting as an intracellular
second messenger (Smyth et al., 2003). In the mammalian
kidney, primary cilia have been observed on cells in the
parietal layer of Bowman’s capsule, the proximal tubule, the
distal tubule, and in the principal, but not intercalated, cells
of the collecting duct (Webber and Lee, 1975).

Structurally, cilia are covered by a membrane that is con-
tinuous with the apical plasma membrane, although it re-
mains unclear as to whether the ciliary membrane is iden-
tical to the apical membrane in composition. Importantly,
the primary cilium of the kidney has been implicated in the
pathogenesis of polycystic kidney disease (PKD). Several
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gene products, which when mutated result in the develop-
ment of PKD, including polycystin-1 and polycystin-2, have
been localized to and are crucial for the function of renal
primary cilia (for review, see Smyth et al., 2003). It was
recently shown that the postsynaptic density 95/disc-large/
zona occludens (PDZ) protein Par3 is necessary for the biogen-
esis of primary renal cilia (Fan et al., 2004; Sfakianos et al., 2007).

The exocyst is a highly conserved complex composed of
eight proteins: Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70,
and Exo84. The exocyst was originally identified in budding
yeast Saccharomyces cerevisize, where it was shown to be
essential for exocytosis. The eight proteins in the exocyst
complex, six “Sec” proteins, so named because mutations
inhibit secretion (Novick et al., 1980), and two additional
subunits, Exo70 and Exo084, were purified and shown to phys-
ically interact (Terbush ef al., 1996). Mammalian homologues of
all eight yeast exocyst proteins have been identified previously
(Hsu et al., 1996). All of the exocyst components are hydrophilic
proteins that form a 175 complex peripherally associated with
the plasma membrane (Grindstaff ef al., 1998).

In yeast, mutants of individual exocyst members accumulate
secretory vesicles in cells, presumably because vesicles are not
able to dock or fuse with the plasma membrane. The exocyst
proteins are localized to regions of active cell surface expan-
sion: the bud tip at the beginning of the cell cycle and the
mother—daughter cell connection during cytokinesis. The exo-
cyst is therefore thought, among other things, to be involved in
tethering vesicles to their precise sites of fusion (Terbush et al.,
1996; Finger and Novick, 1998; Guo et al., 1999).

We previously showed in Madin-Darby canine kidney
(MDCK) cells that the exocyst complex was centrally in-
volved in cyst formation. Specifically, we overexpressed the
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Sec10 component of the exocyst complex and found that cyst
formation occurred more efficiently and rapidly than in
untransfected cells (Lipschutz et al., 2000). We also showed
that the exocyst complex localized to the primary cilium (Rog-
ers et al., 2004), which was later confirmed by others (Liu ef al.,
2007). Importantly, in primary cultures of human autosomal
dominant PKD (ADPKD) cells, the exocyst was depleted from
the ADPKD cell membranes and seemed diffusely dispersed
throughout the cytoplasm (Charron et al., 2000).

Given the localization of the exocyst to primary cilia, the
involvement of the exocyst and primary cilia in cystogen-
esis, and the mislocalization of the exocyst in ADPKD, we
hypothesized that the exocyst was centrally involved in cilia
biogenesis. Here, we show that the exocyst component Sec10
regulates ciliogenesis and cystogenesis, most likely through
interactions with Par3.

MATERIALS AND METHODS

Cell Culture

The parent cells for all the experiments were low passage type Il MDCK cells that
were obtained from Dr. K. Mostov (UCSF, San Francisco, CA) and used between
passages 3 and 10. These cells were originally cloned by Dr. D. Louvard (Euro-
pean Molecular Biology Laboratory, Heidelberg, Germany) and came to Dr.
Mostov via Dr. K. Matlin (University of Chicago, Chicago, IL). MDCK type II
cells overexpressing hSec10 (Lipschutz et al., 2000), T23 MDCK cells (from K.
Mostov) stably infected with exocyst shRNA, and control MDCK cells were
cultured in modified Eagle’s minimal essential medium containing Earl’s bal-
anced salt solution and glutamine supplemented with 5% fetal calf serum, 100
U/ml penicillin, and 100 ug/ml streptomycin. MDCK cells were seeded at
confluence on 24-mm Transwell filter units coated with collagen (Corning Life
Sciences, Lowell, MA). ARPE-19 cells (American Type Culture Collection, Man-
assas, VA) were cultured on Transwell filters in DMEM:F-12 medium supple-
mented with 10% fetal calf serum. Pore size on all filters was 0.4 pum. Cell
monolayers were used for experiments after 7-14 d of culture with daily changes
in medium.

MDCK cells overexpressing hSec10, exocyst shRNA-expressing cell lines, and
control MDCK cells were plated as single cells in a three-dimensional (3D) type
I collagen matrix as previously described previously (Lipschutz ef al., 2000).

Short Hairpin RNA (shRNA) Oligonucleotides (Oligos)

Three shRNA oligos were created for canine Sec8, Sec10, and Exo070 by using
the Elledge Lab pPRIME system, which they kindly sent us (Stegmeier ef al.,
2005). The shRNA sequences were designed by pasting the Secl0 canine
mRNA sequences into the program found at the RNAi Central website
(http:/ /katahdin.cshl.org:9331/homepage/siRNA /RNAi.cgi?type=siRNA).
The shRNA sequences were cloned into the p199 cloning vector and then into
a lentiviral delivery system for infection into MDCK and ARPE-19 cells. The
p199 vector encodes green fluorescent protein (GFP), which allowed us to
identify and separate the infected cells by using fluorescence-activated cell
sorting (FACS Vantage SE; BD Biosciences, San Jose, CA). The shRNA
sequences are as follows: Exo70 shRNA1, TGCTGTTGACAGTGAGCGAA-
CAGGCAGGCTGGAAGAGTACTAGTGAAGCCACAGATGTAGTACTCTT-
CCAGCCTGCCTGTGTGCCTACTGCCTCGGA; Ex070 shRNA2, TGCTGTT-
GACAGTGAGCGATCCCGCTGGCTGGTGGAATACTAGTGAAGCCACAG-
ATGTAGTATTCCACCAGCCAGCGGGAGTGCCTACTGCCTCGGA; Exo70
shRNA3, TGCTGTTGACAGTGAGCGACCAGCTAGACCGCTCCATCAAT-
AGTGAAGCCACAGATGTATTGATGGAGCGGTCTAGCTGGCTGCCTAC-
TGCCTCGGA; Sec8 shRNA1, TGCTGTTGACAGTGAGCGATGTGACCGT-
GACCTGGATGAGTAGTGAAGCCACAGATGTACTCATCCAGGTCACGG-
TCACACTGCCTACTGCCTCGGA; Sec8 shRNA2, TGCTGTTGACAGTG-
AGCGAATAGAGGAACTGCACCGACATTAGTGAAGCCACAGATGTAA-
TGTCGGTGCAGTTCCTCTATGTGCCTACTGCCTCGGA; Sec8 shRNA3,
TGCTGTTGACAGTGAGCGAACAGTGAAGGCGATCAAAGAGTAGTGAA-
GCCACAGATGTACTCTTTGATCGCCTTCACTGTCTGCCTACTGCCTCGGA;
Sec10 shRNA1, TGCTGTTGACAGTGAGCGAAGCAACAGTGTCAGAAAGA-
AGTAGTGAAGCCACAGATGTACTTCTTTCTGACACTGTTGCTCTGCCTAC
TGCCTCGGA; Secl0 shRNA2, TGCTGTTGACAGTGAGCGAGCTCAGAA-
ATTGATGAAATACTAGTGAAGCCACAGATGTAGTATTTCATCAATTTCT-
GAGCCTGCCTACTGCCTCGGA; and Sec10 shRNA3, TGCTGTTGACAGT-
GAGCGCTATGAGCATCTTCAACAATACTAGTGAAGCCACAGATGTAG-
TATTGTTGAAGATGCTCATAATGCCTACTGCCTCGGA.

Immunofluorescence Confocal Microscopy

Cells were grown on Transwell filters and fixed with 4% paraformaldehyde
for 20 min on ice, permeabilized for 15 min at 37°C with 0.025% saponin in
phosphate-buffered saline containing 0.7% fish skin gelatin (PFS buffer), and
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incubated with primary antibodies overnight at 4°C and secondary antibodies
1 h at 37°C.

Cysts grown in collagen gel were fixed with 4% paraformaldehyde for 30
min at 4°C after digesting in collagenase (100 U/ml; Sigma-Aldrich, St. Louis,
MO) for 10 min at 37°C as described previously (Rogers et al., 2003). The cysts
were blocked and permeabilized with PFS buffer for 30 min at room temper-
ature, and stained with primary antibodies for 24 h and with secondary
antibodies and phalloidin-rhodamine for 10-20 h at 4°C. All the antibodies
were diluted in PFS buffer containing 0.02% NaNj. Cells or cysts were
postfixed with 4% paraformaldehyde and mounted with mounting medium
(Kirkegaard and Perry Laboratories, Gaithersburg, MD).

Images were acquired on a confocal microscope (LSM-510 META) with the
accompanying software (both from Carl Zeiss, Thornwood, NY), by using a
plan-Apochromat 100 X 1.40 numerical aperture oil differential interference
contrast objective (Carl Zeiss) to detect Cy3 and Cy5 fluorochromes.

Electron Microscopy (EM)

Filter-grown cells were fixed in a solution containing 2% glutaraldehyde, 0.8%
paraformaldehyde, and 0.1 M cacodylate. For transmission EM, the cells were
stained with osmium and imidazole as described previously (Lipschutz et al.,
2000), dehydrated, embedded in resin, sectioned, and imaged (JEOL 1010,
fitted with a Hamamatsu digital camera and imaging software from Ad-
vanced Microscopy Techniques, Danvers, MA).

For scanning EM, the fixed cells were rinsed with 100 mM cacodylate
buffer, dehydrated through a graded ethanol series, washed with hexam-
ethyldisilazane (Electron Microscopy Sciences), dried for 5 min at 60°C,
coated with platinum, and analyzed on a scanning EM machine (XL20
SEM; FEI Company, Hillsboro, OR).

Real-Time Polymerase Chain Reaction (RT-PCR)

Fifteen micrograms of total RNA collected from MDCK cells grown in 24-well
plate were converted to first-strand cDNA. cDNA and the TagMan primer/
probe system, individualized for Sec8, Sec10, and Exo070, were used in con-
junction with the 7700 Prism sequence detection instrument (both Applied
Biosystems, Foster City, CA) as described in the Applied Biosystems technical
manual. When the reaction product amplification exceeded the threshold
value, the corresponding cycle number was termed CT. -Fold change between
conditions was calculated through an exponential function of the observed
difference in CT as described previously (Livak and Schmittgen, 2001). The
values were normalized to a control mRNA, the 18S ribosome, and all
real-time PCR studies were performed at least three times in triplicate.

Antibody Generation

Secl0 antibody was generated by injecting a C-terminal peptide, CAEQKK-
TDFKPEDENN, predicted to be highly antigenic using structure modeling,
into rabbits by BioSource International (Camarillo, CA). The rabbits were
bled, and the antibody was affinity purified according to standard protocols
by BioSource International. The C-terminal Sec10 antibody worked well for
Western blot (see Figures 1, 4, 6, and 7) but did not work for immunofluo-
rescence (IF) or EM (data not shown). An N-terminal Sec10 antibody was also
generated but did not work for either Western blot or IF (data not shown).

Coimmunoprecipitation (ColP) and Western Blotting

MDCK cells grown on the 10-cm dishes were collected on ice in a lysis buffer
containing 20 mM HEPES, pH 7.4, 120 mM NaCl, 1 mM EDTA, 1% IGEPAL
CA-630, 0.02% NaN3, 0.2% Trasylol, and proteinase inhibitor cocktail (1:1000)
and then centrifuged at 14,000 rpm for 20 min at 4°C. The soluble superna-
tants were incubated overnight at 4°C with the indicated antibodies at a
concentration of 1 pg/ml. Immunocomplexes were then precipitated with
protein A-Sepharose 4B (GE Healthcare, Chalfont St. Giles, Buckinghamshire,
United Kingdom). The immunocomplexes were washed five times with lysis
buffer, eluted by boiling in SDS-polyacrylamide gel electrophoresis sample
buffer, and then subjected to immunoblot analysis. To measure the interaction
between Par3 and exocyst complex, Sec8 was precipitated with a monoclonal
anti-Sec8 antibody (Stressgen Biotechnologies, Victoria, BC, Canada), the
immunocomplex was blotted with a rabbit polyclonal IgG1 anti-Par3 anti-
body (Millipore, Billerica, MA). In a reciprocal experiment, Par3 was precip-
itated with the polyclonal anti-Par3 antibody, and the immunocomplex was
blotted with the monoclonal anti-Sec8 antibody. Blots were developed by
enhanced chemiluminescence (Pierce Chemical, Rockford, IL).

To measure the expression level of the targeted protein in the knockdown
cell lines, the cells were lysed in 0.5% SDS lysis buffer (0.5% SDS, 100 mM
NaCl, 50 mM tetraethylammonium-Cl, pH 8.1, 5 mM EDTA, 0.2% Trasylol,
and 0.02% NaN3) and prepared in standard manner (Lipschutz ef al., 2003).
Antibody against Exo-70 was a kind gift from S. Hsu (Rutgers University, The
State University of New Jersey-New Brunswick/Piscataway, NJ). Antibody
against Ift88 was a kind gift from Brad Yoder (University of Alabama at
Birmingham, Birmingham, AL).
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Statistics

All graphs, with the exception of cilia length in Figure 2A, show mean plus SD.
For measurement of cilia length the data were binned, because the cilia could be
in different stages of development, and a nonparametric Kruskal-Wallis test was
performed. For analysis of the ratio of cilia to nuclei, logistic regression was used.
The calculations were performed by the Biostatistics Consulting Service of the
University of Pennsylvania Cancer Center (Philadelphia, PA).

RESULTS

Generation of Exocyst Knockdown Cell Lines

We previously showed by immunofluorescence that the exo-
cyst complex localized, to the tight junction and primary
cilia (and/or basal body) of MDCK cells (Rogers et al., 2004).
To confirm this and to examine the ciliary localization of the
exocyst in greater detail, we used electron gold microscopy.
In Sec10-myc—-overexpressing cells, the Sec10 component of
the exocyst localized along the entire length of the primary
cilia (Figure 1A), raising the possibility that it could be
involved in ciliary protein delivery and biogenesis.

To investigate the role of the exocyst in ciliogenesis, we
decided to knockdown exocyst expression in MDCK cells by
using an shRNA lentiviral vector delivery system. We fo-
cused our efforts on Secl0 because we had shown previ-
ously, by overexpression, that Sec10 was centrally involved
in cystogenesis (Lipschutz et al., 2000).

Three shRNA oligos were created for Secl0 by using the
Elledge Lab pPRIME system (Stegmeier et al., 2005) (Figure 1B)
(see Materials and Methods for shRNA sequence and details).
The shRNA sequences were cloned into the p199 cloning vec-
tor and then into a lentiviral delivery system for infection into
MDCK cells. The p199 vector encodes GFP, which allowed us
to identify and separate the infected MDCK cells by using
fluorescence-activated cell sorting (FACS). Significant knock-
down of Sec10 was confirmed at the mRNA level (Figure 1C).
Because Sec10 antibodies were not commercially available, we
generated a rabbit polyclonal antibody using a C-terminal pep-
tide (see Materials and Methods for details). This antibody
worked well for Western blot, and a similarly significant
knockdown of Secl0 at the protein level was seen (Figure 1D).

Sec10 Knockdown Results in Decreased Primary
Ciliogenesis

To examine the role of the exocyst in cilia biogenesis, we
performed immunofluorescence staining in the control,
Secl0-overexpressing, and Sec10 knockdown MDCK cells
grown for 2 wk on Transwell filters. By immunofluorescence
and 3D reconstruction, there was significantly greater ciliary
elongation in the Secl0-overexpressing compared with con-
trol cells, and a significant decrease in cilia length in the
Secl0 knockdown cells. In addition, the ratio of cilia to
nuclei was significantly increased in the Secl0-overexpress-
ing compared with control cells and significantly reduced in
the Sec10 knockdown compared with control cells (Figure
2A). To confirm the above-mentioned results, we performed
scanning electron microscopy (SEM). SEM showed signifi-
cantly fewer elongated and therefore identifiable cilia
present per unit area in the Secl0 knockdown cells com-
pared with control cells, and significantly more cilia in the
Secl0-overexpressing cells (Figure 2B).

To further examine cilia, morphology in the Sec10 mutant
cells, transmission electron microscopy (TEM) was performed.
Although it was difficult to capture images of the cilia and
basal bodies by thin section TEM, the Sec10 knockdown cells
demonstrated mainly basal bodies (Figure 2C, arrow). In con-
trast, TEM using the control and Secl0-overexpressing cells
showed basal bodies and elongated cilia. Although statistics
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Figure 1. SeclO localizes to the cilia and shRNA against Secl0
results in decreased expression. (A) Sec10-myc expressing MDCK
cells were grown on Transwell filters for 7 d. Pre-embedding im-
munolabeling was performed. Mouse anti-myc antibody was used
at 1:200 dilution to identify the myc epitope present on Secl0,
because antibody to Sec10 that works well with EM was not avail-
able to us. Secondary goat anti-mouse antibody was tagged with
ultrasmall gold (Aurion, Immuno Gold Reagents & Accessories,
Wageningen, The Netherlands). The gold label was further en-
hanced with silver staining for 25 min and formed black dots on the
image (arrow). The image was taken on a FEI Tecnai transmission
electron microscope (53,400X magnification). Bar, 0.5 um. (B) Car-
toon showing canine Secl0 and the regions of Secl0 that the shR-
NAs were designed against. (C) MDCK cells infected with a lenti-
virus expressed the Sec10 shRNA and a GFP reporter that allowed
for FACS. After FACS single-cell sorting, clones were grown in
24-well dishes, split into multiple wells, and assayed for Secl0
mRNA expression. Several clones showed significantly decreased
expression (60—-80%) at the mRNA level, including clone 4 (hereaf-
ter referred to as 10-4). (D) Control MDCK, Secl0-overexpressing
(OE) MDCK, and Sec10 knockdown (KD) MDCK cells were grown
to confluence in 10-cm tissue culture dishes. Equal amounts of
protein, as determined by bicinchoninic acid assay and Western blot
of the housekeeping protein glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), were loaded in each well and Western blot by
using our newly created antibody against Sec10 was performed.
More Secl0 protein was seen in Sec10 OE cells and less protein was
seen in Sec10 KD cells compared with control cells. Sec10 knock-
down at the mRNA, and protein levels seemed to be similar.

could not be performed because of the paucity of images, the
cilia in the Secl0-overexpressing cells seemed longer than in
control cells (Figure 2C). Similar results were seen using other
MDCK Sec10 mutant cell lines (data not shown).

To investigate Sec10 knockdown in another ciliated cell
line, the spontaneously arising retinal pigment epithelia
cell line ARPE-19 was used (den Hollander et al., 2007).
Stable cell lines were generated as described above, and a
similar disruption of ciliogenesis was seen (Supplemental
Figure 1).

Sec10 Knockdown Inhibits Normal MDCK Cyst
Morphogenesis

As discussed, MDCK cells form hollow monoclonal cysts
when placed in a collagen matrix (Hellman et al., 2008),
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Secl0 OE (A1)

Control Secl0 KD (10-4)

Acetylated alpha tubulin
DAPI stained nuclei

Figure 2. Secl0 knockdown leads to decreased pri-
mary ciliogenesis. (A) Control, Secl0-overexpressing
(OE), and Secl0 knockdown (KD) MDCK cells were
grown on Transwell filters for 14 d. Using antibody

Cilia per Cell Nuclei

against acetylated a-tubulin that is specific for primary 0
cilia, we examined ciliogenesis by immunofluorescence
staining and confocal microscopy, as well as 3D recon-
struction of the stacked series. Primary cilia were more B
abundant (as determined by the ratio of primary cilia/
cell nuclei) and longer in Sec10 OE cells compared with
control cells and less abundant and shorter in Sec10 KD
cells compared with control cells. Quantification of cili-
ary abundance and cilia length are shown in the graphs
below the images. Bar, 5 um. The images are represen-
tative of >50 fields examined, with each experiment
being repeated three times. Although MDCK cells are
well ciliated and have long been used to study ciliogen-
esis (Praetorius and Spring, 2001), for unknown reasons
cilia formation in MDCK cells is relatively sporadic,
with the literature describing from ~30% of normal
MDCK cells being ciliated, as we see, to as little as 14.6%
(Shalom et al., 2008). (B) To examine ciliogenesis by
another method and in more detail, we grew control,
Sec10 OE, and Sec10 KD cells on Transwell filters for
14 d. The cells were fixed in glutaraldehyde and SEM
was performed (FEI Company XL20 SEM). A 200 mesh
thinbar EM grid was placed on the samples and the
number of cilia in a 100- X 100-um area was determined.
Confirming the results in Figure 2A, primary cilia C
seemed longer and therefore easily identifiable, in Sec10
OE cells compared with control cells and were rarely
identified in Sec10 KD cells. Quantification of these re-
sults is shown on the graph below the images. Bar, 0.5
wum. (C) Using TEM, images of the cilia and basal bodies
were occasionally captured. Sec10 KD cells demon-
strated only basal bodies (arrow). In contrast, the control
and Sec10 OE cells showed both basal bodies and elon-
gated cilia, with the length of the cilia greater in the
Sec10 OE cells. Bar, 0.5 um.

and primary cilia seem to be centrally involved in renal
cystic disease (Smyth ef al., 2003). To examine the role of
Sec10 in cystogenesis, control, Secl0-overexpressing, and
Sec10 knockdown MDCK cells were seeded at low (single-
cell) density in a collagen matrix. Control cells formed
typical hollow cysts as described previously (Lipschutz et
al., 2000). Sec10-overexpressing cells underwent cyst mor-
phogenesis at a faster rate, whereas Secl0 knockdown
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cells did not form hollow mature cysts but instead formed
irregular clumps of cells lacking a lumen (Figure 3).

Rescue with Human Sec10 Resistant to the shRNA
Reverses the Phenotype

To confirm the specificity of the knockdown phenotype,
we performed a rescue experiment using human Secl0
(hSec10) that is resistant to the canine shRNA by virtue of
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Control Secl0 KD (10-4)

Sec10 OE (A1)

Actin

Figure 3. Sec10 knockdown prevents MDCK cystogenesis. A) Con-
trol, Secl0-overexpressing (OE), and Sec10 knockdown (KD) MDCK
cells were seeded at low (single-cell) density in a collagen matrix. By
8 d, the Secl0 OE cells had already formed mature cysts, with a
single lumen. Imaging of live cysts was done using Nomarski
optics. (B) At 12 d, fixation and immunofluorescence staining of actin
with phalloidin-rhodamine, showed maturing cysts in the control cells,
mature cysts in the Sec10 OE cells, and immature cysts or clumps of
cells in the Sec10 KD cells. Bar, 20 um. Fully mature control cysts are
seen in the majority of cases by 15 d (see Figure 4C).

a difference in primary base pair structure. Stable cell
lines were generated by transfecting hSec10 into the ca-
nine Sec10 shRNA knockdown cells. Three cell lines con-
taining both knockdown of native canine Sec10 and over-
expression of hSec10-myc were generated (Figure 4A).
Secl0 control, knockdown, and rescue cell lines were
grown on Transwell filters for 15 d, and the cilia were
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examined by SEM. In the rescued cell lines, elongated cilia
were identified at equivalent levels to control cells and
higher levels than found in the parent Sec10 knockdown
cells (Figure 4B).

Phenotypic rescue, with respect to cyst formation, was
only partially successful in that cysts with multiple lumens
formed. This may be because human and canine Secl0 are
only 95% identical. Nevertheless, there was clearly rescue
after transfection with hSec10 (Figure 4, C and D).

Because Secl0 and Secl5 are the most vesicle-proximal
components of the exocyst and physically link the exocyst to
vesicles carrying proteins (Guo et al., 1999), we were inter-
ested in seeing whether knockdown of other exocyst com-
ponents would affect primary ciliogenesis and/or cystogen-
esis. Six shRNA oligos were created for Sec8 and Exo070 (3
each). MDCK cell lines with knockdown of Sec8 and Exo70
expression at the mRNA and protein levels were generated
using identical methods described in Figure 1 (Supplemen-
tal Figure 2). Knockdown of the representative exocyst com-
ponents Sec8 and Exo70 did not inhibit either primary
ciliogenesis or cystogenesis (data not shown), although it
should be emphasized that these are knockdown and not
knockout experiments, and a role for Sec8 and Exo070 in
these processes is still possible.

The Mechanism Does Not Seem to Be Because of a Defect
in Cell Polarity

Given the importance of the exocyst in cell polarity, we first
investigated whether the defect in ciliogenesis in Secl0
knockdown cells was because of abnormal cell polarity.
Control, Secl0-overexpressing, Secl0 knockdown, and
Ex070 knockdown MDCK cells were grown for 2 wk on
Transwell filters. The cells were then stained for apical

Figure 4. Rescue of the ciliogenesis and cystogenesis
defects by human Sec10. (A) Human Secl0 (hSec10)
resistant to canine shRNA, by virtue of a different pri-
mary base pair structure, was transfected into the stable
Sec10 shRNA KD cells. New stable cell lines were gen-
erated containing both Sec10 shRNA and hSec10-myc
transcribed off the pcDNA3 vector. Using anti-myc an-
tibody, three clonal cell lines, of 36 tested, were found to
express hSecl0-myc. These cell lines showed hSec10-
myc expression at the same molecular weight as seen in
the hSecl0-overexpressing cell lines that we generated
previously (Lipschutz et al., 2000) (*, 4, 6, and 11). For
further confirmation, we used our newly generated
Sec10 polyclonal antibody for Western blot. In the cell
lines expressing hSecl0-myc (4, 6, and 11), a double
band can be seen (arrow). The top band is hSec10, which
is slightly heavier because of the 10 extra amino acids in
the myc epitope tag. 7-16 is a parent MDCK cell line
(Sec10 shRNA 7, clone 16), in which Sec10 knockdown
was obtained. “Rescue” clones were 7-16:4, 7-16:6, and
7-16:11, as determined by myc and Sec10 staining. (B)
The number of primary cilia per 100- X 100-um area
was greater in the rescued cells compared with the
Sec10 KD cells as determined by SEM. NS, nonsignifi-
cant. “Control” refers to normal MDCK cells. (C) Simi-
larly, the rescued cells formed more cyst structures than
did the knockdown cells at day 15 as seen by immuno-
fluorescence staining of actin with phalloidin-rhodam-
ine. The rescue with respect to cyst formation was par-
tial, as the cysts from the rescued cells were not
completely mature at day 15. Bar, 20 um. (D) Quantifi-
cation of the cyst rescue. We defined partial rescue as a
cyst lumen area greater than 30% of the total area at the
point of greatest cyst diameter.
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normal distribution of apical membrane (gp135), tight
junction (ZO-1), and basolateral membrane (E-cadherin)
proteins by confocal immunofluorescence staining.
Please note that these cells express GFP off the shRNA
vector, so Cy3 and Cy5 were used as fluorochromes.
Cy5 was changed to green in these images to enhance
visualization. (B) TEM microscopy also demonstrated
normal cell polarity. We reported previously hat Sec10
OE cells were taller, most likely due to increased baso-
lateral membrane delivery (Lipschutz et al., 2000, 2003),
which we confirm here. Bar, 2 pm.

gp135, basolateral E-cadherin, and the tight junction protein
zona occludens (ZO)-1. Cell polarity was not grossly affected
as demonstrated by IF using basolateral, tight junction, and
apical markers (Figure 5A). Similarly, low-magnification
TEM showed no gross differences in cell structure (Figure
5B). Although we could not examine cell polarity in collagen
because the Sec10 knockdown cells did not form cysts (Fig-
ure 3), it should be noted that cell polarity can be different in
cells grown on two-dimensional filters compared with cells
grown in three-dimensional collagen (O’Brien ef al., 2001).

Knockdown of Sec10 Affects Protein Levels of Other
Exocyst Components and Ift88

Knockdown of Sec10 resulted in reduced protein levels of
Sec8 and Exo70. This was in contrast to knockdown of
Sec8 and Ex070, where only Sec8 and Exo070, respectively,
showed reduced protein expression. In addition, in the
Sec10 knockdown cells the intraflagellar transport protein
88 (Ift88) was also decreased compared with control cells
(Figure 6A).

Importantly, rescue of the canine shRNA with human
Sec10 normalized the Sec8 and Exo70 protein levels, and
increased levels of Ift88, providing further evidence that
Secl0 knockdown specifically causes decreased expression
of Sec8, Exo70, and Ift88 (Figure 6B).

To determine whether the reduction of Sec8, Exo70, and
Ift88 in the Sec10 knockdown cells was because of a tran-
scriptional event, we performed real-time PCR from the
mRNA extract of the stable Secl0 knockdown cells. The
mRNA expression of Sec8, Ex070, and Ift88 was similar in
the control and knockdown cells, indicating that the lower
Sec8, Ex070, and Ift88 protein levels seen in Sec10 knock-
down cells were not a result of transcriptional repression
(Figure 6C).

The Exocyst and Par3 Colocalize and Coimmunoprecipitate

It was recently shown that the PDZ protein Par3 localizes to
the tight junction and primary cilium and knockdown of
Par3 inhibits primary ciliogenesis (Sfakianos ef al., 2007).
Given a similar defect in ciliogenesis in the Secl0 knock-

A Sec10 OE Secl0 KD Exo70 KD
MW (kD) Control (A1) (10-4) (2-12)
Tim — e o B S ——— Seclo
EaE _R_N_N_JR N = = = Exo70
Figure 6. Knockdown of Secl0 results in decreased :Is"l:: —_— e ——— © e === Sec8
expression of other exocyst proteins and Ift88. (A) Con- =3 :
trol, SeclO-overexpressing (OE), Secl0 knockdown sl ” y ! ‘. q E - “ ‘_ .ﬂ Ift88
(KD), and Ex070 KD cells were grown on Transwell
filters for 14 d, and Western blot was performed on the —— e - = we e e e = GAPDH
cell lysate. Sec10 KD resulted in decreased protein ex- =
pression of Sec10, Exo70, Sec8, and Ift88. In contrast,
Exo70 KD did not affect Sec8, Secl0, or Ift88 protein B - C
expression. (B) Rescue of the Sec10 KD cells by trans- MW (kD) Contro 0 i Setlo KD IELE)
fection with human Sec10 resistant to canine shRNA, as —— = 14
described in Figure 4, resulted in restoration of Secl0, 8= *,, - Q Secl0 ; 124 M Sec 10
Ex070, Sec8, and, to a lesser degree, Ift88 protein levels g i - Exo70 ~ M Sec 8
to those seen in control cells. (C) To determine whether s~ - E :T_ g E’[‘:; 0
the decrease in Ex070, Sec8, and Ift88 protein levels was ‘ﬁ: - == == Sec8 & 08
because of transcriptional inhibition, mRNA was ob- ! 2 067
tained and RT-PCR performed. In the Sec10 KD cells, . - ~ Ift88 f: 04
the mRNA expression levels for Exo70, Sec8, and Ift88 2] S 024
were similar to control levels, indicating that the de- 32— SRSSSR S GAPDH = 1
crease in Exo70, Sec8, and Ift88 protein expression in Control ~ Secl0 KD
Sec10 KD cells was a posttranscriptional event. (10-4)
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Figure 7. The exocyst and Par3 colocalize and coimmunoprecipi-
tate. (A) Par 3 was previously shown to be involved in primary cilia
biogenesis (Sfakianos et al., 2007). To test for a possible exocyst-Par3
interaction, we performed double labeling immunofluorescence mi-
croscopy by using antibodies against Par3 and the exocyst compo-
nent Sec8. Par3 and Sec8 colocalized at the tight junction and pri-
mary cilia (arrows) in control MDCK cells. (B) We next investigated
a biochemical interaction by coimmunoprecipitation. Control
MDCK cells were grown on Transwell filters for 14 d and the cells
were lysed in a nonionic detergent (1% IGEPAL). IP was performed
with antibody against Sec8 and the gel was then blotted with
antibody against Par3, Sec8, Sec10, and Ex070. The presence of Par3,
Sec10, and Ex070 bands after immunoprecipitation with Sec8 anti-
body demonstrates a biochemical interaction. The lanes are from the
same gel; however, the control (nonspecific, anti-myc antibody) lane
was separated on the gel from the other lanes shown. The reverse IP
was performed with antibody against Par3 and the gel was blotted
with antibody against Par3, Sec8, and Ex070, confirming a biochem-
ical interaction.

down cells (Figure 2), along with our previous data showing
that the exocyst also localized to the tight junction and
primary cilia (Rogers et al., 2004), we first confirmed that
Par3 localizes to the primary cilium (Supplemental Figure 3).
We then investigated a possible interaction by performing
immunofluorescence double labeling. This showed that the
exocyst and Par3 colocalized in an identical manner at both
the tight junction and primary cilium (Figure 7A).

To further investigate an interaction, we performed colP.
We first immunoprecipitated the exocyst by using Sec8 an-
tibody, which works well for colP (Lipschutz et al., 2003);
blotted for Par3; and then did the reverse experiment, im-
munoprecipitating with Par3 and blotting for the exocyst.
These experiments demonstrate that Par3 and the exocyst
specifically associate, though the interaction may not be
direct (Figure 7B).

DISCUSSION

We report three principal findings here, all of which are
quite interesting. First, we show that the exocyst, specifically
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the Sec10 component, is necessary for primary cilia biogen-
esis in MDCK renal tubular epithelial cells. This is especially
interesting in that the exocyst was shown previously, in
most studies, to be involved in basolateral, and not apical,
membrane trafficking (Grindstaff et al., 1998; Lipschutz et al.,
2000, 2003). These data add to a growing body of evidence
suggesting that the primary cilium, whereas it is found on
the apical surface, it is not a typical “apical organelle” and
helps explain the fact that primary cilia contain many pro-
teins that also localize to the basolateral membrane, includ-
ing: 31 integrin (Praetorius ef al., 2004), galectin (Bao and
Hughes, 1999), and the PKD proteins polycystin-1, polycys-
tin-2, and fibrocystin (Wang et al., 2007). In yeast, Sec4, a
small Rab GTPase, is found on vesicles carrying polarized
proteins and regulates the exocyst complex via interactions
with Sec10/Secl5 (Guo et al., 1999). The closest mammalian
homologues to Sec4 are Rab8, Rab10, and Rab13 (Pereira-
Leal and Seabra, 2000), and knockdown of Rab8, which is
also involved in basolateral trafficking, has been shown to
inhibit ciliogenesis (Nachury et al., 2007; Yoshimura et al.,
2007). Furthermore, knockdown of a guanine nucleotide
exchange factor for Rab8, Rabin8, also inhibited ciliogenesis
(Nachury et al., 2007). Other evidence supporting the idea
that the primary cilium is a distinct organelle, neither apical
nor basolateral, is that the ciliary membrane has a highly
condensed bilayer domain at its base that could function as
a fence to separate the ciliary membrane from the surround-
ing apical membrane (Vieira et al., 2006).

The second important finding is that Secl0 is a crucial
component of the exocyst complex. The exocyst has classi-
cally been thought of as a complex, in which all eight pro-
teins function together as a single unit (Lipschutz and
Mostov, 2002). Here, however, Sec10 knockdown and over-
expression had distinct effects on cilia biogenesis and cyst
morphogenesis, whereas knockdown of other exocyst com-
ponents did not affect either cilia biogenesis or cyst morpho-
genesis. Nevertheless, as noted, these results should be in-
terpreted with caution because shRNA knocks down, but
does not knock out, protein expression; therefore, a role for
Sec8 and Exo070 in ciliogenesis or cystogenesis cannot be
excluded.

Importantly, in this study when Sec10 was knocked down,
several other exocyst components and the intraflagellar
transport protein Ift88 were found to have lower protein
expression levels because of a posttranscriptional event. It is
tempting to speculate that this is because of increased pro-
teosome degradation as the exocyst complex, minus Sec10,
becomes unstable and disintegrates. Similarly, although
there is no evidence to date that intraflagellar transport
proteins, other than Ift20 (Follit et al., 2006), traffic in vesicles
to the primary cilium; assuming this were the case, it is
plausible that Ift88-positive vesicles would be degraded
when they could no longer dock at the cilia/basal body
because of loss of the exocyst complex. In any event, these
data indicate that Sec10 is a central and particularly impor-
tant component of the exocyst complex, at least with respect
to primary cilia biogenesis. Although inhibition of ciliogen-
esis and the defect in cyst morphogenesis cannot be conclu-
sively linked, it is interesting to note that MDCK cells
overexpressing vesicular-integral membrane protein 17, a
protein not known to be involved in basolateral transport,
have short to absent cilia and are similarly unable to form
normal cysts when placed in a collagen matrix (Takiar and
Caplan, unpublished observations).

Finally, we show that the exocyst colocalizes with the PDZ
protein Par3 at the tight junction and primary cilium and
coimmunoprecipitates with Par3. Par3, as discussed, was
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recently shown to be necessary for the biogenesis of primary
renal cilia (Sfakianos ef al., 2007). Given the known role of
the exocyst in polarized membrane trafficking, our data
support a model in which the exocyst is localized to the
primary cilium, perhaps by a small GTPase, and then binds
to Par3 and/or a member of the Par complex, such as the
transmembrane protein Crb3A. Once localized to the pri-
mary cilium, the exocyst targets and docks vesicles carrying
ciliary proteins.

In summary, we have shown that the Sec10 component of
the exocyst is involved in primary cilia biogenesis and cyst
morphogenesis, most likely through interactions with Par3.
Given the role of the primary cilium in cystic kidney disease,
the exocyst may represent a novel therapeutic target.
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