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SUMMARY

Prominin is a recently identified polytopic membrane
protein expressed in various epithelial cells, where it is
selectively associated with microvilli. When expressed in
non-epithelial cells, prominin is enriched in plasma
membrane protrusions. This raises the question of whether
the selective association of prominin with microvilli in
epithelial cells is solely due to its preference for, and
stabilization in, plasma membrane protrusions, or is due to
both sorting to the apical plasma membrane domain and
subsequent enrichment in plasma membrane protrusions.
To investigate this question, we have generated stably
transfected MDCK cells expressing either full-length or C-
terminally truncated forms of mouse prominin. Confocal
immunofluorescence and domain-selective cell surface
biotinylation experiments on transfected MDCK cells
grown on permeable supports demonstrated the virtually
exclusive apical localization of prominin at steady state.
Pulse-chase experiments in combination with domain-
selective cell surface biotinylation showed that newly
synthesized prominin was directly targeted to the apical
plasma membrane domain. Immunoelectron microscopy

revealed that prominin was confined to microvilli rather
than the planar region of the apical plasma membrane.
Truncation of the cytoplasmic C-terminal tail of prominin
impaired neither its apical cell surface expression nor its
selective retention in microvilli. Both the apical-specific
localization of prominin and its selective retention in
microvilli were maintained when MDCK cells were
cultured in low-calcium medium, i.e. in the absence of tight
junctions. Taken together, our results show that: (i)
prominin contains dual targeting information, for direct
delivery to the apical plasma membrane domain and for
the enrichment in the microvillar subdomain; and (ii) this
dual targeting does not require the cytoplasmic C-terminal
tail of prominin and still occurs in the absence of tight
junctions. The latter observation suggests that entry into,
and retention in, plasma membrane protrusions may play
an important role in the establishment and maintenance of
the apical-basal polarity of epithelial cells.
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INTRODUCTION

to the appropriate, apical or basolateral, plasma membrane

domain. This sorting occurs at two levels: (i) at the trans-Golgi

A hallmark of epithelial cells is their apical-basal polarity. At network (TGN), if apical and basolateral proteins are delivered
the level of the plasma membrane, this is reflected by thdirectly to the respective plasma membrane domain, as shown
existence of distinct, apical and basolateral, domains, whicim MDCK cells (Rodriguez-Boulan and Nelson, 1989; Simons
differ from each other in protein and lipid composition. Studiest al., 1992); and (i) at endosomes, if both apical and
on the biogenesis and maintenance of this plasma membrabasolateral proteins are first delivered to one plasma membrane
polarity in classical epithelia such as kidney, liver and intestinegjomain followed by transcytosis of one set of proteins via
and in cell lines derived therefrom, led to the identification anéndosomes to the other plasma membrane domain, as shown
characterization of three principal molecular mechanismsn enterocytes (Massey et al., 1987), Caco-2 cells (Matter et
which are not mutually exclusive, that underlie the polarize@l., 1990) and hepatocytes (Bartles et al., 1987). Second,
distribution of plasma membrane proteins in epithelial cellplasma membrane proteins are randomly delivered to either
(Rodriguez-Boulan and Nelson, 1989; Nelson, 1992; Simonesell surface domain but are selectively retained, by interacting
et al., 1992; Matter and Mellman, 1994; Mays et al., 1995a)with cytoskeletal components (Hammerton et al., 1991; Rotin
First, newly synthesised plasma membrane proteins are sortetial., 1994) and/or the extracellular matrix, in only one domain



1024 D. Corbeil and others

whereas they are endocytosed from the other domain. Thirglasma membrane protrusions, i.e. to be sorted into vesicles

plasma membrane proteins are randomly delivered to eithéestined for the apical plasma membrane.

cell surface domain but undergo proteolytic processing in only In the present study, we have investigated these questions.

one domain, resulting in their enrichment in the other domai®pecifically, we have expressed wild-type prominin and C-

(Dempsey et al., 1997). terminal deletion mutants in the epithelial cell line MDCK and
Our group has been studying the apical-basal polarity diave analysed (i) the cell surface delivery of these proteins, (ii)

neuroepithelial cells, which constitute the inner layer of theheir apical vs basolateral distribution, and (iii) their retention

neural tube of the vertebrate embryo and give rise to alh plasma membrane protrusions.

neurons and macroglial cells of the central nervous system

(Huttner and Brand, 1997). In searching for markers to stud

the apical-basal polarity of these cells, we have recentl&"ATER'Al-S AND METHODS

identified prominin, a novel polytopic membrane protein of ,

as yet unknown function that is selectively localized at thé/aterials ,

apical surface of neuroepithelial cells and several othdYledia and reagents for cell culture were purchased from Gibco-BRL.

embryonic epithelia, and on brush border membranes of t@{otem A-Sepharose CL-4B was from Pharmacia Biotech.

. : - . : reptavidin-agarose beads were from Sigma Chemical Co.
epithelial cells lining the adult kidney proximal tUbUIeS.TranswelTM-COL collagen-coated filters were obtained from Costar

(Wel_gmann etal, .1997)' Prominin is a 115 kDa.egCODrOte'QCambridge, MA) and Nunc polycarbonate membrane tissue culture
predicted to consist of an extracellular N-terminal domain,serts from A/S Nunc (Denmark). Goat anti-rat IgG/IgM coupled to
five transmembrane domains separating two smallichlorotriazinyl amino fluorescein (DTAF) and affinity pure rabbit
cytoplasmic and two large extracellular loops, and anti-rat IgG/IgM were purchased from Jackson ImmunoResearch
cytoplasmic C-terminal domain (Fig. 1). However, promininLaboratories.

is also expressed in non-epithelial cells: independent work b _ _
Buck and colleagues (Miraglia et al., 1997; Yin et al., 1997} /asmid construction

has shown that the human AC133 antigen, which appears &e bacterial exprgssion plasmids pGEX-E2 and pGEX-IS containing
be the ortholog of mouse prominin (Corbeil et al. 199gthe mouse prominin cDNA from nt 735 to nt 1466 (residues GIn183-

: : . ; : - Trp426), and nt 2607 to nt 2762 (Lys807-Tyr858), respectively, each
Miraglia et _al., 1998; D'.C.Orbe” et al., unpublished data), 'Jused in-frame to glutathione S-transferase (GST), were constructed
expr_essed in hematopoietic st_em cells. . . y selective PCR amplification of a composite cDNA (derived from

~With regard to the mechanisms underlying the polarizedjones 3ab1 and 4B; Weigmann et al., 1997). For pGEX-E2, the
distribution of plasma membrane proteins in epithelial cellsgligonucleotides 5CGGATCAAAGGATCCCAGAAACTG-3 and
prominin shows two remarkable features. First, within thes-AATCAAGGGATCCAGCTACCAGT-3 were used as'Gnd 3
apical plasma membrane domain, prominin is exclusivelyrimers, respectively; for pGEX-I3 the oligonucleotides- 5
associated with microvilli and other plasma membrand GTAATCATTGGATCCAAGCTGGC-3 and  5-AAGCAGC-
protrusions, even if the latter are very small and sparsETCGGATCCAGTTGTCA-3 were used as'5and 3 primers,
(Weigmann et al., 1997). This protrusion-specific |oca|izatior{espectlvely._AII oll_gonucl_e_otldt_as create@ant]| restriction site and
does not depend on an epithelial state of the cell becau :5_2 3 p”m?r in addition lnctjr_oduceddvgm'l;iA_'G Stgplc"dgr." The
prominin ectopically expressed in fibroblasts is also selectivelgﬁSu ting PCR fragments were digeste | and cloned into

found i | b truSi Wei t al e corresponding site of pGEX-2T (Pharmacia).
ound in plasma membrane protrusions (Weigmann et al., The eukaryotic expression plasmid pRc/CMV-prominin, containing

1997_). _Se(_:ond, prominin retains an exclusive apical,in the mouse prominin cDNA and a neomycin resistance gene, has
localization in neuroepithelial cells not only at the neural plat¢een described previously (Weigmann et al., 1997). C-terminally
stage, when tight junctions are present, but also at the neutalncated forms of prominin were obtained by PCR mutagenesis using
tube stage (Weigmann et al., 1997), when tight junctions hawdoned Pfu DNA polymerase (Stratagene). The translational stop
disappeared (Aaku-Saraste et al.,, 1996) and the polarity ebdons were introduced into the cDNA at positions corresponding to
certain plasma membrane proteins is down-regulated (Aak@nino acids 833 (mutadt26C) and 812 (mutark47C). The PCR
Saraste et al., 1997). products were digested witBlal and resulting cDNA fragments
These observations raise the following questions. Is th-'al-Clal) containing the mutated region were used to replace the
apical-specific localization of prominin in epithelial cells Cfe[;fr']sif’jond'ng wild-type cDNA fragment in the pRc/CMV-prominin
solely the consequence of its preference for p'aS”?a memb_rg Gn all cases, the PCR DNA fragments were sequenced in order to
protrusions? In other words, does the apical-specifigonfirm the presence of the mutation and the absence of any reading
localization of prominin simply reflect the greater abundancenistakes of the DNA polymerase.
of plasma membrane protrusions in the apical than basolateral
domain, with prominin being delivered randomly to apical andhntisera against recombinant prominin
basolateral domains but remaining in the plasma membrarigST-fusion proteins containing the E2 (residues GIn183-Trp426), or
only if incorporated into a protrusion? This mechanism would3 (Lys807-Tyr858) fragments of prominin (see Fig. 1) were
require only one type of targeting information in the prominir-|expressed in HB 10Escher|ch|a_ coliand purlfled on glutathione
molecule, i.e. to be specifically retained in plasma membra epharose 4B beads (Pharmacia) according to the batch method as

. . ey s L . . described by the manufacturer's protocol. The E2 fragment was
protrusions. Or is the apical-specific localization of PrOMINING, o aved from the fusion protein bound to the beads by incubation with

due to both (i) the specific dellver_)_/ t(.) the ‘"%‘P'Ca' plasrm}'mman thrombin<%25 cleavage units/mg protein) (Sigma) for 2 hours
membrane domain, followed by (i) its enrichment andy; room temperature. The eluted E2 fragment was then purified on a
retention in plasma membrane protrusions? This mechanismo, polyacrylamide gel and an antiserum against this fragment was
would require a second type of targeting information ingenerated by immunizing a New Zealand white rabbit with an SDS-
prominin in addition to that responsible for its retention iNPAGE gel slice homogenized and mixed (1:1) with complete Freund’s
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adjuvant. The GST-fusion protein containing I3 fragment was elute€ell surface biotinylation and immunoprecipitation

from the glutathione Sepharose 4B beads at room temperature biless indicated otherwise, all steps were carried out at 4°C. Just
addition of 10 mM glutathione in 50 mM TriS-HC', pH 8.0. The fusion prior to use, the membrane.impermeab|e su|fosuccinimidy|-
protein was then used to generate antisera against the I3 fragmentegsiotinamido)-hexanoate biotinylating agent (sulfo-NHS-LC-biotin,
described above. Pierce) was dissolved in Ca/Mg-PBS (PBS containing 1 mM £acCl

. and 0.5 mM MgQ)) to a final concentration of 0.2 mM. After repeated
Cell culture and transfection washing (five times) with Ca/Mg-PBS, stably transfected MDCK cells
MDCK cells (strain II) were maintained in a humidified incubator at(on 100 mm dishes) were incubated for 1 hour in 2 ml of the biotin
37°C under a 5% Cfatmosphere in Eagle’s minimal essential solution. The cells were washed three times with Ca/Mg-PBS and then
medium supplemented with 10% fetal calf serum (FCS), 100 i.u./mhcubated for 10 minutes with Ca/Mg-PBS containing 20 mM glycine
penicillin, and 100ug/ml streptomycin (complete medium). For to quench the residual biotin. Cells were lysed in ice-cold
experiments studying the polarized cell surface delivery, cells wergplubilization buffer (see Cell culture and transfection), and the Triton
plated at a density of 4&(P cells/cn? on permeable membranes (0.4 extract was diluted tenfold with Ca/Mg-PBS containing protease
um pore size), using either 24 mm TransW&ICOL chambers or 12 inhibitors. Biotinylated cell surface proteins were then adsorbed to
mm Nunc tissue culture inserts. Media were changed every day, aggteptavidin-agarose beads. After a 2 hours incubation, the beads were
the experiments were performed 3-7 days after seeding to allow thgashed five times with Ca/Mg-PBS and biotinylated proteins were

development of a tight monolayer. The integrity of the cell monolayeeluted using Laemmli buffer at 95°C. Eluates were analysed by SDS-
was assessed by monitoring the diffusionté€[sucrose (Amersham, PAGE followed by immunoblotting.

615 mCi/mmol) from the apical to the basolateral compartment of the For domain-selective cell surface biotinylation (Le Bivic et al.,
chamber. Filter-grown MDCK cell monolayers with a leakage of >1%:1989), 7-day-old monolayers on duplicate Transwell filters were
(after 1 hour) were discarded. washed three times with Ca/Mg-PBS and then biotinylated (see
For some experiments, the cells were plated at confluency on eithgbove) from either the apical (1.5 ml) or basolateral (2.6 ml) chamber
24 mm TranswelM-COL chambers or collagen-coated 60 mm Petricompartment. The compartment not receiving sulfo-NHS-LC-biotin
dishes (Collagen R; Serva) in complete medium. After 90 minutes ifas filled with Ca/Mg-PBS. After quenching, cells were lysed in ice-
the incubator to allow for cell attachment, the complete medium wagold solubilization buffer and Triton extracts were then divided into
replaced with low-calcium medium (spinner(s) MEM, Gibco) two equal aliquots. One was subjected to streptavidin-agarose
containing 10% FCS dialysed against PBS, and the cultures wegglsorption and biotinylated proteins were analysed by
incubated for 24 hours (Vega-Salas et al., 1987; Ojakian angmunoblotting as described above. The other was first subjected to
Schwimmer, 1988). immunoprecipitation. Briefly, Triton extracts were diluted four-fold in
MDCK cells were transfected with the prominin eukaryotic immunoprecipitation buffer (1% Triton X-100, 0.1% SDS, 150 mM
expression plasmids (see Plasmid construction) using the calciunaCl, 10 mM EDTA, 50 mM Tris-HCI, pH 7.8, 18g/ml aprotinin,
phosphate-mediated transfection method for adherent cells ®pg/ml leupeptin and 1 mM PMSF), and3 antiserum was added
suspension (Sambrook et al., 1989). Cells expressing the neomyqin:100 dilution). The samples were incubated overnight at 4°C end-
resistance gene were then selected in complete medium containigger-end. The immune complexes were collected with Protein A-
600 pg/ml of G418. Two weeks later, G418-resistant colonies weresepharose beads and analysed by SDS-PAGE followed by blotting
pooled and expanded in the presence of G418. To enhance tith horseradish  peroxidase-conjugated — streptavidin  (see
expression of the transgene, cells were incubated for 17 hours witthmunoblotting, except that the horseradish peroxidase-conjugated
10 mM sodium butyrate (Gorman et al., 1983). All subsequent stepsireptavidin was diluted in PBS).
were performed in complete medium lacking butyrate. Under these
conditions, 10-30% of the neomycin-resistant cells expressed ttHulse-chase studies
recombinant prominin. Transfected cells were then used for northei®tably transfected MDCK cells on 60 mm dishes were rinsed once
blot analysis, metabolic labeling, cell surface biotinylation,with met/cys-free medium (methionine- and cysteine-free DMEM
immunofluorescence, and electron microscopy, or were solubilized isupplemented with 1% FCS dialyzed against PBS), and incubated for
ice-cold solubilization buffer (2% Triton X-100, 150 mM NaCl, 5 mM 30 minutes at 37°C in this medium. The cells were then pulse-labeled
EGTA, 50 mM Tris-HCI, pH 7.5, 1 mM PMSF,ig/ml leupeptin, 10  for 20 minutes at 37°C with fresh met/cys-free medium containing
pg/ml aprotinin), and the Triton extract obtained after centrifugatior600 uCi/ml [35S]Pro-mix (Amersham, >1000 Ci/mmol). After the
(10 minutes, 10,000) was used for deglycosylation, SDS-PAGE and pulse, cells were chased for the indicated times in fresh met/cys-free

immunoblotting (see below). DMEM supplemented with 5% FCS and unlabeled methionine and
) ) ) ) ) cysteine at a concentration of 0.15 mg/ml each. At the end of the chase
Endoglycosidase digestions and immunoblotting period, the cells were washed three times with ice-cold PBS

Triton extracts corresponding to one-fifth of a confluent 200 mm diskontaining 1 mM PMSF and then lysed in ice-cold solubilization
were incubated overnight at 37°C in the absence or presence of eithesffer (see Cell culture and transfection). Prominin was then
0.8 U peptide-N-glycosidase F (PNGase F) or 10 mU of @MNe-  immunoprecipitated from Triton extracts with mAb 13A4, and the
acetylglucosaminidase H (endo H) according to the manufacturerisnmune complexes were collected using Protein A-Sepharose, which
protocols (Boehringer-Mannheim). had been preincubated with rabbit anti-rat antibody, followed by SDS-
Proteins were then analysed by SDS-PAGE and transferred AGE and phosphoimaging.
nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany;In order to study the cell surface delivery, Transwell filter-grown
pore size 0.45um) using standard procedures. After transfer,MDCK cells were radiolabeled for 20 minutes witfg]Pro-mix (see
nitrocellulose membranes were incubated for 2 hours in blockingbove), with the labeling medium added to the basolateral
buffer (PBS containing 5% low fat milk powder and 0.3% Tween-20)compartment since uptake of amino acids has previously been found
Prominin was then detected using either mAb 13A4pu¢tml) to be more efficient from the basolateral domain (Balcarova-Stander
(Weigmann et al., 1997) or one of the two rabbit polyclonal antiserat al., 1984). After the pulse, cells were chased for the indicated times,
(theaE2 antisera (1/20,000) awnd3 antiserum (1/20,000)) diluted in chilled in cold Ca/Mg-PBS and cell-surface proteins were labeled
blocking buffer. In all cases, horseradish peroxidase-conjugatedsing the domain-specific biotinylation protocol described above. The
secondary antibodies were used to reveal antigen-antibody complexeslls were then lysed, and prominin molecules were first
and these were visualized with enhanced chemiluminescenéemunoprecipited wittal3 antiserum (see Cell surface biotinylation
developing reagents (ECL system, Amersham Corp.). and immunoprecipitation). To separate the biotinylated from the non-
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biotinylated prominin molecules in the immunoprecipitates, theémmunogold-labeled sections were examined in an electron
Protein A-Sepharose beads were boiled irquR6f 10% SDS for 5 microscope (EM 10, Zeiss).

minutes, diluted with 1 ml of 0.2% Triton X-100, 150 mM NaCl, 2

mM EDTA, 10 mM Tris-HCI, pH 7.5, and centrifuged (1 minute,

10,0009). The supernatants were then incubated with streptavidinResyULTS

agarose beads as described in Cell surface biotinylation and
immunoprecipitation. The beads were washed five times with PB ; : : Qo
and biotinylated proteins were eluted using Laemmli buffer at 95"C.§XprESSIOn and biosynthesis of prominin in MDCK
Eluates were subjected to SDS-PAGE and analysed using a Flﬁ?”s

phosphoimager. Prominin was expressed in the MDCK epithelial cell line by
_ stable transfection with the pRc/CMV-prominin plasmid.
Immunofluorescence and confocal microscopy Expression of mouse prominin was monitored using SDS-

Cell surface immunofluorescence was performed as describgdAGE and immunoblotting with the rat monoclonal antibody
previously (Pimplikar and Huttner,. 1992). Promlnln-transfected(mAb) 13A4. The apparent molecular mass of mouse prominin
MDCK cells grown on glass coverslips were washed with Ca/Mggyyressed in MDCK cells was found to be different from
PBS, first at room temperature and then on ice, and double-surfac&-ominin derived from mouse kidney, which consisted of a

labeled for 30 minutes at 4°C by addition of the mAb 13A4.g/enl) . . .
and tetramethylrhodamine isothiocyanate (TRITC) -conjugated whe§"9!€ band with an average molecular mass of 115 kDa (Fig.

germ agglutinin (WGA) (1:300, Sigma) in immunofluorescence buffer®”: 1ane 1). In prominin-transfected MDCK cells, two distinct
(Ca/Mg-PBS containing 0.2% gelatin). Unbound antibodies and€ts of immunoreactive bands with apparent molecular mass of
free  WGA were removed by five washes with ice-cold120-125 kDa (referred to as 123 kDa band) and 102-106 kDa
immunofluorescence buffer. Fixative, 3% paraformaldehyde in PBreferred to as 104 kDa band) were detected (Fig. 2A, lane 4).
was added to the cells on ice, and the coverslips were placed at rodihe same results were obtained with two rabbit polyclonal
temperature for 30 minutes. The fixative was removed by three washggtisera, designated3 andaE2 (see Fig. 1 and Materials and
with Ca/Mg-PBS, and the residual formaldehyde was quenched fqfjethods) (data not shown). Densitometric scanning revealed
30 minutes with 0.1 M glycine in PBS. The cells were then incubate at the 104 kDa band represented about 10-20% of the total
for 30 minutes at room temperature with DTAF-conjugated anti-raj mount of immunoreactive material. No prominin

IgM/IgG (1:150). The coverslips were rinsed sequentially with. .
immunofluorescence buffer, PBS and distilled water, and mounted #;nmunoreactlwty was detected when MDCK cells were

Mowiol 4.88 (Calbiochem-Behring GmbH). transfected Wi_th the expression vector without insert_(da_ta not
In immunofluorescence experiments on filters, 5-day-old, Nun&hown; see Fig. 6B, lane 2), which suggests that this kidney-
filter-grown monolayers of prominin-transfected MDCK cells werederived cell line is devoid of endogenous prominin. Consistent
washed with PBS and then fixed with 2% paraformaldehyde/0.1%vith the immunoblotting data, no prominin mRNA was found
glutaraldehyde in PBS for 15 minutes at room temperaturein untransfected MDCK cells by northern blot analysis (data
Quenching was performed by three 5-minute washes with a 1 mg/mlot shown).
NaBH; solution. The cells were permeabilized and blocked with 0.2%
saponin/0.2% gelatin in PBS (blocking solution) for 10 minutes. The
cells were then incubated sequentially for 30 minutes each with mA
13A4 and DTAF-labeled secondary antibody diluted in blocking gﬁ;@?;-CELLULAR
solution. Both primary and secondary antibodies were added to bo
sides of the filter. Nuclei were labeled with propidium iodide (0.3
pg/ml) during the incubation with the secondary antibody. The filter: E1(79)
were washed in PBS, cut out, dipped in water and mounted essentia
as described by Reinsch and Karsenti (1994) except that we uset N
mounting solution consisting of 90% glycerol, 0.1% (w/v)
paraphenylenediamine in PBS, pH 9.0. The cells were observed wi
a Leica TC%P confocal laser scanning microscope. The confocal
microscope settings were such that the photomultipliers were withi
their linear range. The images shown were prepared from the confoc
data files using Adobe photoshop software and printed using a Kodi
XLS 8600 PS printer.

E2 (255) E3 (286)

13 (46)

. 11 (23) 12 (19)
Immunoelectron microscopy c
Stably transfected MDCK monolayers cultured on collagen-coated € CYTOPLASM

mm Petri dishes (Collagen R; Serva) or Transwell-filters were washe _

with 250 mM Hepes-NaOH, pH 7.4, and fixed with 8% Fig. 1. Topological model of prominin. The N-terminal 19 amino
paraformaldehyde/0.1% glutaraldehyde in Hepes buffer overnight acid residues of mouse prominin are assumed to constitute a cleaved
4°C. The cells were then infiltrated with 15% polyvinylpyrrolidone, signal peptide rather than an uncleaved signal anchor and are not
1.95 M sucrose in PBS (Tokuyasu, 1989) and ultrathin cryosectiorshown. M1-M5, putative transmembrane segments. The numbers of
(Griffiths, 1993) were cut at100°C with a Reichert FCS cryo- amino acid residues in the three extracellular domains (E1-E3) and
ultramicrotome (Leica). Cryosections were stretched using 2.3 Mhe three intracellular, cytoplasmic domains (11-13) are given in
sucrose and mounted on Formvar/carbon-coated grids. Sections we@rentheses. The two large extracellular loops (domains E2 and E3)
blocked with 10% FCS and 20 mM glycine in PBS for 10 minutesgcontain all eight potential N-glycosylation sites. The extracellular

and sequentially incubated with the mAb 13A4 (%@@ml), rabbit  location of the E2 and E3 domains is shown by the presence of N-
anti-rat antibody (1:30), and Protein A-gold (9 nm or 14 nm), each ifinked glycans (Weigmann et al., 1997) and by cell surface

blocking solution containing only 5% FCS. The sections were treatetinmunofluorescence (not shown), the cytoplasmic localization of the
with 0.3% uranyl acetate/1.8% methyl cellulose, and air dried. Thé€3 domain has been shown previously (Weigmann et al., 1997).
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Fig. 3. Localization of mouse prominin in polarized MDCK cells by
confocal immunofluorescence microscopy. Prominin-transfected
12— it n,-aq N i :l MDCK cells were cultured to confluency on Nunc filters and then
“ ” [ * stained with mAb 13A4 followed by DTAF-conjugated anti-rat
X ,”1 antibody (green). Nuclei were labeled with propidium iodide (red).

(A-F) A series of single opticaly-plane sections from the basal (A)

%] to the apical (F) side of the cells. Bar, {ir@.

1 2 3 4 5 6 7 8

Fig. 2. Biosynthesis of mouse prominin in transfected MDCK cells. |ocalized in the endoplasmic reticulum or an early Golgi
(A) Lysates of prominin-transfected MDCK cells (PRO) and, for compartment.
comparison, adult mouse kidney membranes were incubated in the To investigate the kinetics of maturation of mouse prominin

absence~) or presence of 10 mU endo H (H) or 1 U PNGase F (F) : h )
and analysed by immunoblotting with mAb 13A4. Bracket, endo H- expressed in MDCK cells, pulse-chase experiments with

resistant, PNGase F-sensitive form of prominin; asterisk, endo H- [®*S]methionine/cysteine ~ were performed. Cells were
and PNGase F-sensitive form; arrowhead, product after N- metabolically labeled for 20 minutes, collected at various
deglycosylation. (B) MDCK cells stably transfected with the mouse times, and prominin immunoprecipitated from Triton X-100
prominin expression vector (PRO) or vector DNA without insert extracts. At O minutes of chase, a single band of 104 kDa was
(MDCK) were pulse-labeled for 20 minutes with detectable (Fig. 2B, lane 1, asterisk). This band was converted
[35S]methionine/cysteine and chased for the indicated times to the 123 kDa band (Fig. 2B, lanes 3-6, bracket) wiipaf
labeled proteins were analysed by SDS-PAGE and phosphoimagingmmatyre form of prominin. Cell-surface biotinylation
?é’;‘f\;(gtéizfeﬁgitgg?mtgﬂs?gg% davsvti?hnfklm(é %T(])guksza Pc:?nrlnr:unr:n band. oy neriments provided direct evidence that the 123 kDa form,
y b but not the 104 kDa form, is located at the cell surface. After

expression vector (PRO) or vector DNA without insert (MDCK) - . .
were incubated for 1 hour at 4°C withow) br with (B) sulfo-NHS- cell surface labeling with the membrane impermeant sulfo-

LC-biotin, solubilised, and biotinylated proteins adsorbed to NHS-LC-biotin followed by streptavidin-agarose precipitation
streptavidin-agarose followed by immunoblotting of the adsorbed ~and immunoblotting withal3 antiserum, only the 123 kDa
material using the3 antiserum. band, but not the 104 kDa band, of prominin was recovered

(Fig. 2C, lane 1).

Treatment with PNGase F converted the 123 kDa and 104rominin is specifically associated with apical
kDa bands of recombinant prominin found in transfectednicrovilli, even in the absence of tight junctions
MDCK cells into the same 94 kDa product (Fig. 2A, lane 6,To determine the localization of prominin with regard to the
arrowhead) as that obtained in the case of mouse kidnepical versus basolateral plasma membrane domain of MDCK
prominin (Fig. 2A, lane 3), indicating that the molecular masgells, indirect immunofluorescence followed by confocal laser
difference between mouse prominin expressed in MDCkcanning microscopy was performed with confluent
cells and mouse kidney prominin resulted from differentiaimonolayers of transfected MDCK cells grown on permeable
N-glycosylation. The significance, if any, of this filters. To facilitate the analysis, the nuclei were visualized by
differential N-glycosylation is unknown. The 123 kDa bandpropidium iodide staining. A gallery of confocal sections from
found in transfected MDCK cells, like the kidney protein, wasthe basal (Fig. 3A) to the apical (Fig. 3F) side revealed that
largely resistant to endo H digestion (Fig. 2A, lanes 2 and farominin immunostaining (green) was predominantly located
bracket), suggesting that it had passed through the Golgt the apical domain.
apparatus. In contrast, the 104 kDa band found in The previous observation (Weigmann et al., 1997) that
transfected MDCK cells (Fig. 2A, lane 4, asterisk) wasprominin is specifically associated with microvilli and related
converted to the 94 kDa form upon endo H treatmenplasma membrane protrusions present at the apical surface of
(Fig. 2A, lane 5, arrowhead), consistent with the 104 kDaneuroepithelial cells in vivo prompted us to investigate the
band representing the high-mannose form of promininltrastructural localization of prominin in the transfected MDCK



1028 D. Corbeil and others

cells (Fig. 4). Immunogold EM revealed that the promininProminin is directly delivered to the apical domain
immunoreactivity was preferentially associated with microvillarTo quantitate the distribution of prominin between the apical
membranes; no significant labeling could be detected in thend basolateral plasma membrane, domain-selective cell
neighbouring planar areas of the apical plasma membrane (Fgurface biotinylation was performed. Confluent prominin-
4A). The lateral membrane was devoid of labeling (Fig. 4B)transfected MDCK cells grown on Transwell filters were
These data show that the signal specifying the enrichment bfotinylated with sulfo-NHS-LC-biotin on either the apical or
mouse prominin in microvillar protrusions of the apical plasmahe basolateral surface. Triton extracts were incubated with
membrane is operational in canine cells. Therefore, thisither theal3 antiserum to immunoprecipitate the entire pool
transfected epithelial cell line constitutes a useful model systenf prominin, or with streptavidin-agarose to selectively
for studying the mechanism underlying this enrichment. precipitate the biotinylated proteins. Cell surface labeled-
To investigate whether the enrichment of prominin inproteins were then quantified by probing the
microvilli required the integrity of cell-to-cell contacts, immunoprecipitates with HRP-conjugated streptaviain3j,
prominin-transfected MDCK cells were cultured in low- or the streptavidin-agarose precipitates watt3 antiserum
calcium medium, which is known to prevent the formation of(n=2) (Fig. 5A). Using either method, we found that, in
intercellular junctions (Gonzalez-Mariscal et al., 1985).agreement with the microscopy observations, in steady state
Under these conditions, the cells lost their characteristimore than 98% of the biotinylated prominin was present at the
cuboidal structure and adopted a dome-like shape (data naypical side.
shown; see Vega-Salas et al. (1987)). Interestingly, despite The observations described so far established the basis for
these dramatic morphological alterations, prominin remainethvestigating whether the enrichment of prominin in apical
selectively associated with microvilli (Fig. 4C,D) and other,microvilli is solely due to its preference for, and stabilization
small plasma membrane protrusions (Fig. 4D, inset), and was, these plasma membrane protrusions, or is due to both
absent from the planar areas of the plasma membrane (F&prting to the apical plasma membrane domain and subsequent
4C,D). enrichment in these membrane protrusions. We addressed this

A ———

Fig. 4.Immunogold electron microscopy
showing the localization of mouse
prominin at the plasma membrane of
transfected MDCK cells. Ultrathin
cryosections were stained with mAb
13A4 followed by rabbit anti-rat
IgG/IgM and 9 nm Protein A-gold.
(A) Prominin immunoreactivity is
confined to microvilli present at the
apical cell surface of MDCK cells
growing on Transwell filters. (B) No
gold particles are observed at the lateral
membrane. (C,D) When MDCK cells &
were cultured on either collagen-treated®
Petri dishes (C) or Transwell filters (D)
in low-calcium medium, prominin
immunoreactivity is restricted to
microvilli and other, small plasma
membrane protrusions (inset in D). ._
Arrowheads indicate ‘flaccid’ microvilli, F %
i.e. whose projection is not parallel to thes
plane of sectioning. Bar, 230 nm.
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A Apical microvilli-specific localization of prominin is
independent of its cytoplasmic C-terminal domain
PRO MDCK To evaluate the role of prominin’s C-terminal domain, which
has been shown to be localized in the cytoplasm (Weigmann
etal., 1997), in its enrichment in microvilli of the apical plasma
membrane of transfected MDCK cells, we constructed two
deletion mutants of mouse prominin (Fig. 6A). In the first one
a |bl|albl]albl] aln (A26C), 26 amino acid residues were deleted by introduction
of a translational stop codon (TGA) at position 833. In the
- second mutantM47C), the entire C-terminal cytoplasmic
- domain was deleted by introducing a stop codon (TAA) at
12— position 812. Truncated prominin mutants were stably
transfected in MDCK cells and analysed by immunoblotting
and immunofluorescence. Immunoblotting with mAb 13A4
revealed two distinct sets of immunoreactive bands for both

SA

+Ab -Ab

B mutants (Fig. 6B, top panel, lanes 4 and 5), as observed for
0 15 30 60 | 120 wild-type prominin (Fig. 6B, top panel, lane 3). The reduced
a ] bl | a Ibl a | bl a | bl | a | bl molecular mass of th&26C andA47C mutants was consistent

with a deletion of 26 and 47 residues, respectively. The
proportion of the endoplasmic reticulum/early Golgi form of

1124 e Rl B prominin was greater for th&26C (20-35%) and\47C (40-
. 50%) mutants than for the wild-type (10-20%). Probing
12 3 4 56 7 8 910 parallel immunoblots with thel3 antiserum showed that both

Fig. 5.Mouse prominin is directly delivered to the apical plasma ~ Mutants did not contain the C-terminal domain (Fig. 6B,

membrane of transfected MDCK cells. (A) Steady state distribution Pottom panel, lanes 4 and 5). The latter implies that the I3
between the apical and basolateral plasma membrane. Transwell epitope is located on the C-terminal 26 amino acid residues of

filter-grown MDCK cells stably transfected with either an expressionprominin.

vector containing mouse prominin cDNA (PRO) or vector DNA To determine whether the deletion mutants of prominin
without insert (MDCK) were biotinylated from either the apical (a) reach the plasma membrane, cell surface immunofluorescence
Iystates Wa? ijbb)je‘:ted to imrrtlurlloprecip:_iéat:jon ((fg)using t?]jmer was observed for both mutants, suggesting that they were
antiserum (+ or, as a control, no anuboay (- , an e . .
immunoprecipitates were analysed by blotting with horseradish gﬁlévgﬂeb%éﬁl}ger Ic(:)ecliiﬁg;?gs gff tl\kf(?t(r:l‘fnggltles d(zl%n?i(riincn?&?arelzé

peroxidase-conjugated streptavidin. The other half of the cell lysate . )
was adsorbed to streptavidin-agarose (SA) followed by was then determinated by confocal microscopy and cell surface

immunoblotting of the adsorbed material usingdl@ antiserum. biotinylation. Vertical xz confocal images of transfected
(B) Cell surface delivery of newly synthesized prominin. Transwell MDCK cells grown on permeable filters expressing either the
filter-grown prominin-transfected MDCK cells were pulse-labeled A26C or A47C mutants revealed significant intracellular
for 20 minutes with3®S]methionine/cysteine. At the indicated times immunoreactivity (Fig. 7A, arrows) in addition to cell surface
of chase (minutes), proteins at the cell surface were labeled with  immunoreactivity, in particular for th®7C mutant, consistent
sylfo-NHS-LC-blotln from either th aplca_l (a) or baso[a’geral (bl) with the increased proportion of the endoplasmic
Z'%eérm:eﬁi'f mir?rr!ﬁjgég:ggéﬂg‘t&a\fv éTemS‘gTS&E;g't:tneg With - reticulum/early Golgi form (Fig. 6B). With respect to the cell
biotinylated prbminin was adsorbed to streptavidin-agar’ose and S“Tface distribution, both m“t?‘”ts Wer(.e ”?a'“.'y located at the
analysed by SDS-PAGE and phosphoimaging. ap'c"?" plasma membrane .(F'g' A), !ndlcatlng that the C
terminal cytoplasmic domain of prominin does not contain
essential information for apical delivery. This conclusion was
issue by analysing the cell surface appearance of newfyrther supported by the domain-selective cell surface
synthesized prominin. Confluent monolayers of transfectebiotinylation experiments (Fig. 7B). Densitometric scanning of
MDCK cells grown on filters were pulse-labeled for 20the immunoreactive prominin recovered after streptavidin-
minutes with $°S]methionine/cysteine and, after various timesagarose precipitation indicated that 94+4.5#3) and 87+4%
of chase, were selectively biotinylated with sulfo-NHS-LC-(n=3) of biotinylatedA26C andA47C prominin mutants were
biotin on either their apical or basolateral surface. Aftefound in the apical plasma membrane, respectively.
immunoprecipitation withol3 antiserum (omE2 antiserum, While the apical localization of prominin was not disrupted
data not shown), biotinylated prominin was isolated usingipon removal of its C-terminal domain, the cytoplasmic tail
streptavidin-agarose beads and analysed by SDS-PAGI6uld be required for the enrichment of prominin in microvilli.
followed by phosphoimaging. Prominin appeared at the apicdlo address this question, we examined the subcellular
surface after 60 minutes of chase (Fig. 5B, lanes a); no transiatistribution of both truncated forms of prominin by
peak of prominin could be detected on the basolateral surfac@munogold EM in transfected MDCK cells (Fig. 8). Like
after shorter chase periods (Fig. 5B, lanes bl). These datdld-type prominin, both deletion mutants were concentrated
suggest that prominin was directly sorted to the apical domaiim microvillar membranes (Fig. 8A)26C, Fig. 8B,A47C).
without delivery to the basolateral domain followed byThis implies that the C-terminal domain of prominin does not
transcytosis to the apical membrane. contain information essential for enrichment in microvilli.
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A

Fig. 6. Cell surface delivery of mouse
prominin mutants lacking the C-
terminal cytoplasmic domain.

(A) Schematic representation of

mouse wild-type prominin (PRO) and
mutants lacking the C-terminal 26 PRO TVLLLPAVIIAIKLAKYYRRMDSEDVY DDVETVPMKNLEIDSNGYHKDHLY GVHNPVMTSPSRY

(A26C) and 47447C) amino acid ~ A26C TVLLLPAVIIAIKLAKYYRRMDSEDVY DDVETVPMKNL*
residues. N-terminal box, signal AITC TVLLLPAVIAIKLAKY*

peptide; black boxes, transmembrane
domains; lollipops, potential N-
glycosylation sites. (B) MDCK cells B C
stably transfected with either wild-
type prominin (PRO), truncated
mutants £26C,A47C) or vector >

DNA without insert (MDCK) were % é o PRO
analysed by immunoblotting using > £

either mAb 13A4 (top panel) a3
antiserum (bottom panel). For

comparison, endogenous prominin 112~ . . | - 13A4
from adult mouse kidney membranes -
was analysed in parallel. (C) Cell

surface expression of truncated

mutants. Intact, transfected MDCK
n-g N A26C
—

cells cultured on glass coverslips o3
were double labeled at 4°C with mAb

13A4 (a,c,e) and TRITC-conjugated

wheat germ agglutinin (b,d,f), and

analysed by double fluoresence using 1 2 3 4 5
DTAF-conjugated anti-rat antibody

to reveal the mAb 13A4. The

samples were viewed with a confocal

microscope; composite pictures of all A4TC
optical sections are shown. Asterisks

indicate prominin-expressing MDCK

cells. Bars, 2Qum.

DISCUSSION retained via interactions with the submembrane cytoskeleton,
whereas the apical pool of these molecules was removed from

The data presented here show that prominin contains dutle plasma membrane by endocytosis.

targeting information: (i) for direct delivery to the apical Why does a plasma membrane protein which is expressed

plasma membrane domain; and (ii) for the selective retentionot only in epithelial but also in non-epithelial cells (i.e.

in the microvillar rather than planar subdomain of the plasmhematopoietic stem cells) contain an apical sorting signal?

membrane. With regard to its expression in non-epithelial cells, it should
be noted that such cells, e.g. fibroblasts, may deliver proteins

Direct delivery of prominin from the TGN to the from the TGN to distinct plasma membrane subdomains via

apical plasma membrane distinct, apical-like and basolateral-like, vesicles (Yoshimori et

Our results show that the apical-specific plasma membrara., 1996; Musch et al., 1996; Perénen et al., 1996). Perhaps
localization of prominin is due to direct apical delivery of thethis is of relevance for the cell surface expression of prominin
newly synthesized protein from an intracellular compartmentn hematopoietic stem cells. With regard to prominin's
probably the TGN, as reported for other apical membranexpression in epithelial cells, it should be noted that plasma
proteins expressed in MDCK cells (Matlin and Simons, 1984membrane protrusions exist not only on the apical surface but
Le Bivic et al., 1990; Jalal et al., 1992). This implies that thenay also exist on the basolateral surface (Schulz et al., 1988).
molecular mechanism underlying prominin’s apicalWe find it likely that the presence of an apical sorting signal
localization involves sorting in the TGN rather than selectivén prominin serves to prevent its appearance in the ‘wrong’, i.e.
retention in microvilli or selective proteolysis upon random cellbasolateral-type, of plasma membrane protrusions.

surface appearance. Prominin thus differs from other polytopic The molecular nature of prominin’s apical sorting signal is
plasma membrane proteins whose polarized cell surfaggnknown, and candidate structures are difficult to predict given
distribution in epithelial cells is thought to be due to selectivéahe scarce knowledge about such signals in polytopic
retention, such as the N&*-ATPase (Hammerton et al., 1991; membrane proteins (Gottardi and Caplan, 1993; Turner et al.,
Mays et al.,, 1995a,b) and thegg-adrenergic receptor 1996; Perego et al., 1997). However, our data obtained for the
(Wozniak and Limbird, 1996). In these cases, after druncated forms of prominin demonstrate that its cytoplasmic
nonvectorial delivery, only the basolateral pool was specificallf-terminal tail is not essential for its apical localization. While
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A26C

A4TC

A26C A47C MDCK

Fig. 8. The enrichment of prominin in microvilli of the apical plasma
bl | a | bl | a | bl membrane does not require its C-terminal domain. Ultrathin
cryosections of Transwell filter-grown MDCK cells expressing the

. A26C mutant (A) or tha47C mutant (B) of prominin were stained
12— . - with mADb 13A4 followed by rabbit anti-rat [gG/IgM and 14 nm (A)

=

or 9 nm (B) Protein A-gold. Bar, 300 nm.

1 2 3 4 5 6 upon inhibition of N-glycosylation by tunicamycin (data not
Fig. 7.Mouse prominin C-terminal deletion mutants are delivered to shown). leeyvlse, ano@her deletlor_l mutant of prominin Iacklng
the apical plasma membrane of transfected MDCK cells. the N-terminal luminal domain (E1) and the first
(A) Confocal immunofluorescence microscopy of A26C and transmembrane domain (M1) (see Fig. 1) did not provide

AA7C mutants. Stably transfected MDCK cells cultured on Nunc  further information about an apical sorting signal because it
filters were stained with mAb 13A4 followed by DTAF-conjugated was not transported to the cell surface. This deletion mutant:
anti-rat antibody (green). Nuclei were labeled with propidium iodide (i) did not show any cell surface fluorescence; (ii) exhibited a
(red). Single opticakzplane sections show the apical localization of punctate intracellular immunostaining distributed throughout
the A26C (top panel) and47C (bottom panel) mutants. Arrows the cytoplasm; and (iii) carried N-linked glycans which were

indicate intracellular immunoreactivity. Bars, i@. (B) Steady e ; :
state distribution of truncated mutants of prominin between the completely sensitive to digestion by Endo H (data not shown).

apical and basolateral plasma membrane. Transwell filter-grown ; ; i ; i
MpDCK cells stably tranFs)fected with tR6C andA47C mutangts or Selective retention of promlnln in microvilli . .
vector DNA without insert (MDCK) were biotinylated from either ~ Once sorted to the apical plasma membrane domain, prominin
the apical (a) or basolateral (bl) surface. Cell lysates were adsorbedS Selectively concentrated in microvilli and other, small plasma
to streptavidin-agarose followed by immunoblotting of the adsorbed membrane protrusions. Two modes of interaction, ‘vertical’
material using thelE2 antiserum. and ‘lateral’, could contribute to this enrichment. First,
prominin may enter plasma membrane protrusions because of
a ‘vertical’ interaction with the submembrane cytoskeleton,
a similar conclusion has been drawn for another apicakhich is known to function as an organizer in microvilli,
polytopic membrane proteiry;aminobutyric acid transporter filopodia and microspikes (Costa de Beauregard et al., 1995;
(Perego et al., 1997), the cytoplasmic tail of rhodopsin haSheetz et al., 1992; Bray and Chapman, 1985). Consistent with
recently been shown to contain an apical sorting signahis proposal, we have observed by double confocal
(Chuang and Sung, 1998). In the case of prominin, it iimmunofluorescence microscopy of cytochalasin D-treated
therefore likely that apical sorting information resides in theMDCK cells that prominin was redistributed in large patches
luminal and/or transmembrane domains of prominin, as showwhich colocalized with actin aggregates (unpublished data). In
for single-pass transmembrane proteins (Corbeil et al., 199%is context, it will be interesting to investigate whether
Vogel et al., 1992; Kundu et al., 1996; Huang et al., 1997; Liprominin interacts with a member of the ezrin-radixin-moesin
et al., 1998). Concerning the luminal domain, recent reportamily of proteins, which are known to serve as general plasma
have documented a role of N- and O-glycans as apical sortimgembrane protrusion-actin filament linkers (Bretscher, 1983;
signals (Scheiffele et al., 1995; Yeaman et al., 1997)Algrain et al., 1993).
Unfortunately, our attempts to address the potential role of N- Second, prominin may interact ‘laterally’ with other integral
glycans in the apical delivery of prominin were hampered bynembrane constituents specifically enriched in plasma
the observation that, as in the case of other membrane protemgmbrane protrusions, as recently suggested for the
(Gut et al., 1998), cell surface delivery was strongly reducetbcalization of integrins in leukocyte microvilli (Abitorabi et
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al., 1997). Extrapolating from the concept that lipid rafts playaaku-Saraste, E., Oback, B., Hellwig, A. and Huttner, W. B.(1997).

a key role in apical sorting (Brown and Rose, 1992; Fiedler et Neuroepithelial cells downregulate their plasma membrane polarity prior to
; [N i iali neural tube closure and neurogendsiech. Dev69, 71-81.

?|..,d19.93),dthe f.ormatlonb of pr.ommm coptalnln_g Shpeﬁlahzelc,jAbitorabi, M. A., Pachynski, R. K., Ferrando, R. E., Tidswell, M. and Erle,

Ipia micro _Oma'ns_ may be _an Important _a(_:t(?r In the _ater"_i D. J.(1997). Presentation of integrins on leukocyte microvilli: a role for the

mode of interaction leading to prominin’s retention in extracellular domain in determining membrane localizatibrCell Biol.

microvilli. Interestingly, not only the 104 kDa (endoplasmic 139 563-571. , _

reticulum/early Golgi) form, but also the 123 kDa Algrain. M., Turunen, (Iz-'lvahe”-dA-' '-Olt‘)"ardv E- g‘“d z‘rp'“' M. (1993). .

RN o Ezrin contains cytoskeleton and membrane binding domains accounting for

(TGN/pIasma mem_brane) form of promlr_nn _'S SO!Ublhzeq by its proposed role as a membrane-cytoskeletal lidkeZell Biol.120, 129-

0.2% Triton X-100 in the cold, whereas, in line with previous 139,

observations by others (Zurzolo et al., 1994; Sargiacomo et aBalcarova-Stander, J., Pfeiffer, S.E., Fuller, S.D. and Simons, K1984).

1993), VIP21/caveolin is not (D. Corbeil, K. Roper and W. B. Development of cell surface polarity in the epithelial Madin-Darby canine

; ; ; kidney (MDCK) cell line.EMBO J.3, 2687-2694.
Huttner, unpublished ~observations). This suggests th%tartles,y‘)(. R, FZ}racci, H. M., Stieger, B. and Hubbard, A. L(1987).

prominin .does not interact f'ater'a'_ly’ Wit_h the preYiOUS_W Biogenesis of the rat hepatocyte plasma membrane in vivo: comparison of
characterized cholesterol-sphingolipid raft implicated in apical the pathways taken by apical and basolateral proteins using subcellular
sorting (Simons and lkonen, 1997), and also implies that any fractionation.J. Cell Biol. 105 1241-1251.

‘ s Al : ; i ; ray, D. and Chapman, K. (1985). Analysis of microspike movements on
vertical’ interaction with the cytoskeleton, if it exists, would =5 = = = - growth cond. Neurosci5, 3204-3213.

be d'srUpted by Triton X-100. Bretscher, A. (1983). Purification of an 80,000-dalton protein that is a
. . . L component of isolated microvillus cytoskeleton, and its localization in

Maintenance of both the apical-specific localization nonmuscle cells). Cell Biol.97, 425-432.

of prominin and its enrichment in plasma membrane Brown, D. A. and Rose, J. K(1992). Sorting of GPI-anchored proteins to

protrusions in epithelial cells in the absence of tight glycolipid-enriched membrane subdomains during transport to the apical

iunctions cell surfaceCell 68, 533-544.
] . n o o Chuang, J.-Z. and Sung, C.-H(1998). The cytoplasmic tail of rhodopsin acts
Remarkably, the apical-specific localization of prominin was as a novel apical sorting signal in polarized MDCK cdll<Cell Biol.142,

observed not only when MDCK cells were cultured in normal_1245-1256.

medium but also in low-calcium medium. Under theseCorbeil, D., Boileau, G., Lemay, G. and Crine, P(1992). Expression and
’ polarized apical secretion in madin-darby canine kidney cells of a

prerimental conditions, thes? epithe_lial cells loose their tight recombinant soluble form of neutral endopeptidase lacking the cytosolic and
junctions and other cell-cell interactions (Vega-Salas et al., transmembrane domaink.Biol. Chem267, 2798-2801.
1987; McNeill and Nelson, 1992). Hence, functional tightCorbeil, D., Réper, K., Weigmann, A. and Huttner, W. B.(1998). AC133

junctions, which are known to prevent the lateral movement hem?tqp"ietig. stem cell ba”tigfem h“”I‘a” hqm‘f"og.‘éerboé 9”1‘03(55‘;5"“”93’
. .prominin or distinct member of a novel protein fami [o] y -
between the apical and basolateral plasma membrane domaigg,q

of transmembrane proteins and lipids of the EXtraCe_”U|aCosta de Beauregard, M.-A., Pringault, E., Robine, S. and Louvard, D.
membrane leaflet (Dragsten et al., 1981; van Meer and Simons(1995). Suppression of villin expression by antisense RNA impairs brush
1986), are not required for prominin’s apical-specific border assembly in polarized epithelial intestinal c&IBO J.14, 409-

. . . I~ . . K 421.
localization. We find it likely that its retention in plasma Dfempsey, P.J. Meise, K. S., Yoshitake, Y., Nishikawa, K. and Coffey, R.

membr_an_e protrusions prevented the lateral movement 0fj (1997). Apical enrichment of human EGF precursor in Madin-Darby
prominin into the basolateral plasma membrane domain of canine kidney cells involves preferential basolateral ectodomain cleavage
MDCK cells in the absence of tight junctions. Presumably the sensitive to a metalloprotease inhibitarCell Biol. 138 747-758.

same holds true for neuroepithelial cells at the neural tup@agsten. P. R., Blumenthal, R. and Handler, J. S(1981). Membrane

. . . . . asymmetry in epithelia: Is the tight junction a barrier to diffusion in the
stage, which have lost functional tight junctions (Aaku-Saraste pjasma membrane@ature 294, 718-722.
et al., 1996) and in which prominin retains its apical-specifigiedler, K., Kobayashi, T., Kurzchalia, T. V. and Simons, K.(1993).
localization, being concentrated in plasma membrane Glycosphingolipid-enriched, detergent-insoluble complexes in protein
protrusions (Weigmann et al., 1997). Entry into, and retention Sorting in epithelial cellsBiochemistry32, 6365-6673.

H . onzalez-Mariscal, L., Chavez de Ramirez, B. and Cereijido, M1985).
n, plasma membrane protrusions may therefore pIay aﬁ Tight junction formation in cultured epithelial cells (MDCK). Membr.

important role in the establishment and maintenance of apical-gjo|. 86, 113-125.
basal polarity of the epithelial cells. Gorman, C., Howard, B. and Reeves, R1983). Expression of recombinant
plasmids in mammalian cells is enhanced by sodium butysaid. Acids
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