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Clathrin is a key regulator of
basolateral polarity
Sylvie Deborde1, Emilie Perret1*, Diego Gravotta1*, Ami Deora1, Susana Salvarezza1, Ryan Schreiner1

& Enrique Rodriguez-Boulan1,2

Clathrin-coated vesicles are vehicles for intracellular trafficking in all nucleated cells, from yeasts to humans. Many studies
have demonstrated their essential roles in endocytosis and cellular signalling processes at the plasma membrane. By
contrast, very few of their non-endocytic trafficking roles are known, the best characterized being the transport of hydrolases
from the Golgi complex to the lysosome. Here we show that clathrin is required for polarity of the basolateral plasma
membrane proteins in the epithelial cell line MDCK. Clathrin knockdown depolarized most basolateral proteins, by
interfering with their biosynthetic delivery and recycling, but did not affect the polarity of apical proteins. Quantitative live
imaging showed that chronic and acute clathrin knockdown selectively slowed down the exit of basolateral proteins from the
Golgi complex, and promoted their mis-sorting into apical carrier vesicles. Our results demonstrate a broad requirement
for clathrin in basolateral protein trafficking in epithelial cells.

Epithelial cells require a polarized distribution of their plasma mem-
brane (PM) proteins to perform a variety of vectorial functions in
absorption and secretion1–3. Generation of polarity requires mechan-
isms to sort the PM proteins into apical and basolateral domains,
separated by tight junctions. Sorting is directed by sorting signals in
the PM protein. Basolateral sorting signals are distinct determinants in
the cytoplasmic domain; in some cases they resemble tyrosine and
dileucine motifs similar to those used at the cell surface for clathrin-
mediated receptor endocytosis4–7. An epithelial-specific adaptor,
AP1B8,9, localizes to recycling endosomes and mediates biosynthetic
and/or post-endocytic sorting of basolateral PM proteins with tyrosine
motifs (for example vesicular stomatitis virus (VSV) G protein
(VSVG) and low-density lipoprotein receptor (LDLR)) and non-tyr-
osine motifs (for example transferrin receptor (TfR))10–12. AP1B is a
tetrameric adaptor with clathrin-interacting domains in its c subunit
that co-localizes with clathrin-coated vesicles near the Golgi13.

All of the above is compatible with a possible function of clathrin in
the biosynthetic sorting and recycling of PM proteins. Indeed, an early
cell-fractionation study detected a newly synthesized PM protein in
clathrin-coated vesicles14. However, a requirement for clathrin in the
biosynthetic route of PM proteins has never been shown. Acute cross-
linking experiments failed to detect the involvement of clathrin in
recycling of TfR to the PM of non-polarized cells15, although more
recent in vitro reconstitution experiments16 and an RNA-mediated
interference (RNAi) study17 support the involvement of clathrin in
non-polarized PM protein recycling. Here we study the involvement
of clathrin in PM protein trafficking in polarized MDCK cells by using
RNAi and crosslinking approaches to suppress clathrin expression or
function, together with a battery of biochemical and live-imaging
trafficking assays. Our experiments demonstrate a fundamental role
of clathrin in PM protein transport to the basolateral membrane.

Knockdown of clathrin heavy chain in MDCK cells

In the epithelial cell line MDCK, as in other nucleated cells, clathrin
localizes prominently to the Golgi region (Fig. 1a). Treatment of

MDCK cells with two consecutive cycles (three days each) of
siRNA against clathrin heavy chain (CHC) drastically decreased cla-
thrin immunofluorescence in both perinuclear and PM pools
(Fig. 1a). The Golgi apparatus had an overall normal shape and
localization in clathrin-depleted cells. Western blot analysis
(Fig. 1b) showed that the treatment depleted CHC (more than
90%) and clathrin light chains (CLCb, 45%; CLCa, 72%), the latter
as a result of decreased stability on depletion of CHC, relative to
control MDCK cells treated with siRNA against luciferase, as shown
previously in non-polarized cells18,19. Clathrin-depleted MDCK cells
grew more slowly than control cells (not shown), as reported pre-
viously for fibroblastic cells20. Clathrin depletion slowed the exit of
the lysosomal hydrolase cathepsin D from the trans-Golgi network
(TGN), as indicated by a delay in the processing of its TGN precursor
procathepsin D (51 kDa) to endosomal (48 kDa) and lysosomal
(34 kDa) forms of the enzyme21 (Fig. 1c, d). Thus, clathrin depletion
by siRNA was effective in abrogating the best-known non-endocytic
trafficking function of clathrin, namely lysosomal hydrolase trans-
port, in MDCK cells.

The development of epithelial polarity and most of our polarity
assays depend crucially on the assembly of functional tight junc-
tions and adherent junctions, which separate apical and basolateral
PM domains2,22. Clathrin depletion did not prevent the formation
of functional tight junctions. After three days of plating the cells at
confluence, the transepithelial electrical resistance reached similar
levels, about 100V cm2, in both control and clathrin-depleted cells
(Fig. 2a). The [3H]inulin flux across the monolayer was similar in
control and clathrin-depleted cells (Fig. 2b). Tight junctions had a
normal morphology in clathrin-depleted cells, as determined by
immunostaining of the tight-junction marker ZO1 (Fig. 2c).
Par6, a polarity protein that localizes at tight junctions23, was also
found in its normal localization in clathrin-depleted cells
(Supplementary Fig. 1). These experiments showed that clathrin-
depleted MDCK cells develop normal tight junctions after three
days at confluence.
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Clathrin siRNA disrupts basolateral PM polarity

Next we studied the effect of clathrin depletion on the steady-state
surface polarity of apical and basolateral PM markers in MDCK cells
in control and clathrin-depleted MDCK cells that had been confluent
for at least three days. Confocal microscopy (Fig. 3a) and domain-
selective biotinylation (Fig. 3b) demonstrated a loss of polarity of
most (five out of six) basolateral PM proteins tested, covering a broad
range of basolateral signals. These include TfR (tyrosine-independent
signal24); VSVG (tyrosine signal25); E-cadherin (dileucine motif26);
neural cell adhesion molecule (NCAM; tyrosine-independent sig-
nal27) and CD147 (single leucine plus acidic cluster signal28). The
polarity of Na1, K1-ATPase was not significantly affected, pos-
sibly reflecting a clathrin-independent sorting mechanism or its

stabilization at the lateral PM by the ankyrin cytoskeleton29. The polar-
ity of the apical PM markers gp135 (ref. 30) (Fig. 3a, b) and p75 (ref.
31) (Supplementary Fig. 2) was not affected by clathrin depletion.

Clathrin-depleted cells overexpressed basolateral PM proteins,
which is consistent with clathrin’s role in promoting trafficking of
PM proteins to the degradative pathway32. However, quantification
of the polarity of NCAM tagged with green fluorescent protein (GFP)
in individual cells over a broad range of expression levels
(Supplementary Fig. 3) showed that the disruption of its basolateral
polarity could not be attributed to saturation of the basolateral sort-
ing machinery5.

Clathrin depletion disrupted the recycling of TfR and LDLR from
recycling endosomes to the basolateral membrane, as expected from
the involvement of AP1B in this route10,12, and promoted the incorpo-
ration of both receptors into the apical recycling (transcytotic) route
(Fig. 4a). Pulse–chase surface capture assays11,28 demonstrated a large
delay in the delivery of newly synthesized TfR, VSVG and CD147 to
the basolateral PM and mis-sorting of the proteins to the apical PM
(Fig. 4b). These experiments showed that clathrin depletion causes a
specific defect in the transport and sorting of basolateral PM proteins
in the biosynthetic and recycling routes.

Clathrin depletion slows Golgi exit of basolateral proteins

Sorting of PM proteins in epithelial cells takes place at a Golgi or post-
Golgi level (see above). To determine whether clathrin knockdown
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Figure 2 | Clathrin-depleted cells develop normal tight junctions.
a, Development of normal transepithelial electrical resistance (TER) in
MDCK cells treated with luciferase (LF) or CHC siRNAs, after three days at
confluence. Means and s.e.m. are shown (P 5 0.45, n 5 5). b, Normal

permeability to [3H]inulin in clathrin-depleted MDCK cells. Means 6 s.e.m.
are shown for two experiments, with n 5 3 for each experiment.
c, Morphologically normal tight junctions in clathrin-depleted cells.
Immunofluorescence with ZO1 antibody. Scale bar, 10 mm.
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Figure 3 | Clathrin knockdown depolarizes basolateral proteins at steady
state. a, Confocal microscopy of control and clathrin-depleted cells.
b, Domain-selective biotinylation of control and clathrin-depleted cells.
MDCK cells were confluent on filters for at least three days after treatment
with luciferase (LF) or CHC siRNAs. Some markers were endogenous (TfR
(b), E-cadherin, Na1, K1-ATPase b subunit (ATPase) and gp135). NCAM
and CD147 were permanently transfected. VSVG and human TfR (a) were
expressed by adenoviral infection. Bl, basolateral; Ap, apical.
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Figure 1 | Clathrin knockdown in MDCK cells. MDCK cells were
electroporated twice with CHC or luciferase (LF) siRNAs and used three
days later. a, Confocal fluorescence microscopy of monolayers stained with
CHC antibody TD1 and Golgi marker giantin. CHC siRNA caused drastic
depletion of perinuclear and PM clathrin pools (green); the Golgi complex
(red) appeared slightly swollen but normal overall. Scale bar, 10 mm.
b, Western blot of cells treated with CHC siRNA, demonstrating strong
depletion of CHC (90%), CLCa (72%) and CLCb (45%). b-COP, b-coat
protein. c, Impairment of maturation of procathepsin D into lower-
molecular-weight forms by clathrin depletion (arrows, arrowheads).
Pulse–chase and SDS–PAGE. d, Maturation of cathepsin D quantified by
normalizing mature cathepsin D levels at t 5 4 h over procathepsin D levels
at t 5 0. Mean and s.e.m. are shown (P , 0.005, n 5 3).
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disrupted the trafficking of PM proteins at the Golgi complex, we
introduced GFP-tagged basolateral (VSVG–GFP and NCAM–GFP)
or apical (p75–GFP) PM proteins by adenovirus transduction
(VSVG) or nuclear microinjection of their complementary DNAs
(NCAM or p75) into subconfluent MDCK cells, promoted their
accumulation at the TGN by incubation for 1–2 h at 20 uC, and then
recorded, by live imaging, their exit from the TGN after transfer to
32 uC (refs 31, 33) (Fig. 5a–d). For VSVG–GFP, we used an MDCK
cell line permanently expressing sialyl transferase tagged with mono-
meric red fluorescent protein (ST–RFP) to identify the position of the
TGN and quantify the TGN-associated GFP (Fig. 5a). Clathrin
knockdown markedly decreased the exit kinetics of both basolateral
PM proteins, VSVG–GFP and NCAM–GFP (t1/2 increased from 20–
25 min to 70–75 min) but not the exit kinetics of apical PM protein
p75 (Fig. 5b, right panel). VSVG–GFP remained strictly co-localized
with ST–RFP in clathrin-depleted cells, suggesting that the transport
block was at the TGN.

In yeast, knockdown of the CHC gene may be compensated for by
the overexpression of a variety of genes34, illustrating the marked
ability of cells to develop compensatory mechanisms. We wished to
test whether the apparent resistance of apical PM protein sorting to
chronic clathrin depletion in MDCK cells might be due to selective
compensation of clathrin function by mechanisms only available to
apical proteins. To this end, we studied the effect of acutely blocking
clathrin function on the exit of PM proteins from the TGN, by using a
clathrin crosslinking approach previously shown to inhibit clathrin-
mediated receptor endocytosis of TfR in non-polarized cells15. In
brief, we generated an MDCK cell line in which CLC tagged with
FK-506 binding protein (FKBP) and a haemagglutinin antigen (F-
LC) replaced most of endogenous CLC (Supplementary Fig. 4a).
Immunofluorescence showed that F-LC co-localized with CHC
(Supplementary Fig. 4b). Addition of the membrane-permeant
crosslinker of FKBP, AP20187, at 100 nM resulted in maximum cla-
thrin clustering, as reported by a fluorescence titration assay
(Supplementary Fig. 4c, d). Acute clathrin crosslinking did not cause
a delay in the exit of apical protein p75 but caused a selective delay in
the exit of basolateral proteins from the TGN, exactly as observed

with chronic clathrin depletion by means of siRNA (Fig. 5c, d).
Supplementary Movie 1 documents the delayed exit of NCAM–
GFP in clathrin-crosslinked cells. Thus, these clathrin knockdown
experiments show that clathrin is selectively required for the exit of
newly synthesized basolateral PM proteins with tyrosine-dependent
(VSVG25) and tyrosine-independent (NCAM27) sorting signals from
the TGN, but not for the exit of an apical PM protein, p75 (refs 31,
33).

Basolateral proteins are mis-sorted into apical vesicles

The inhibitory effect of clathrin depletion on the exit of basolateral
PM proteins from the Golgi apparatus could be explained by an
indirect effect of the block of endocytosis and/or by the incorporation
of the PM proteins into apical carrier vesicles that leave the Golgi
complex with slower kinetics. To test the first hypothesis, we knocked
down the PM clathrin adaptor AP2 in MDCK cells and conducted
Golgi exit experiments similar to those shown in Fig. 5a–d. AP2
knockdown drastically inhibited the PM uptake of TfR but did not
affect the exit of the basolateral marker NCAM–GFP from the TGN
(Fig. 5e). These experiments showed that the inhibitory effect of
clathrin depletion at the Golgi is not a result of inhibited endocytosis
at the PM. To test the second hypothesis, we performed high-reso-
lution live imaging experiments. These experiments showed that
clathrin depletion promoted the incorporation of NCAM–Cherry
into apical carrier vesicles containing the apical marker p75–GFP
(53% of these vesicles showed the presence of NCAM–Cherry, in
contrast with 13% in control cells) (Fig. 5f). Because p75–GFP leaves
the Golgi complex with slower kinetics than that of NCAM (see Figs 1
and 2), our experiments show that clathrin depletion causes mis-
sorting of basolateral proteins into a slower Golgi exit route normally
used by apical proteins.

Clathrin is required for basolateral protein sorting

We have demonstrated a broad and selective requirement for clathrin
in the biosynthetic sorting of basolateral PM proteins in epithelial
cells. Accurate biosynthetic sorting is probably the main determinant
of the polarity of basolateral PM proteins that are endocytosed slowly
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Figure 4 | Clathrin knockdown depolarizes surface delivery of basolateral
proteins. a, Clathrin depletion decreases recycling accuracy of basolateral
PM proteins. MDCK-cell monolayers on transwells expressing human TfR
or LDLR fused to a-bungarotoxin (BTX) binding site (see Methods) were
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Means 6 s.e.m. are shown. b, Clathrin depletion causes retention and
promotes depolarized delivery of newly synthesized basolateral PM
proteins. TfR and VSVG were introduced by means of adenoviruses, whereas
CD147 was permanently expressed. Cells were radiolabelled for 15 min and
chased for different durations. Surface delivery of TfR at each time point is
plotted as a percentage of total surface delivery at t 5 75 min. Surface
delivery of CD147 and VSVG is plotted as a percentage of total radioactively
pulsed protein.
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relative to their recycling rates. Fast endocytic and recycling baso-
lateral receptors, such as TfR and LDLR, also require clathrin in their
basolateral recycling routes (Fig. 4a), in agreement with their
dependence on AP1B for basolateral recycling10,11. These proteins
are depolarized to a larger extent by clathrin depletion (Fig. 3), proba-
bly as a result of their dependence on this protein in both biosynthetic
and recycling routes. The clathrin requirement of TfR in its biosyn-
thetic route (Fig. 4b) is particularly interesting, because this receptor
develops an AP1B-independent biosynthetic route in MDCK cells
after two days in confluent culture11. Our observation predicts that
a clathrin adaptor different from AP1B participates in the biosyn-
thetic sorting of this receptor.

Clathrin-coated vesicles with specificity for different cargoes are
produced at the plasma membrane, Golgi apparatus and endosomes
through a cooperative process that requires clathrin and about 20
adaptors35–39. Besides AP1B, only one other AP-family adaptor, AP4,

has been postulated to participate in basolateral PM protein deliv-
ery40, but this adaptor does not seem to interact with clathrin35–37.
Our finding that basolateral proteins that do not depend on AP1B for
their basolateral polarity, for example CD147 and E-cadherin11,28,
require clathrin for their basolateral localization (Fig. 3a, b), also
predicts the participation of other clathrin adaptors in basolateral
polarity.

METHODS SUMMARY
Cell culture. MDCK cells were maintained in DMEM medium (Cellgro) con-

taining 10% fetal bovine serum (Gemini) at 37 uC under 5% CO2. For biotin

polarity assays and immunostaining of polarized MDCK cells, cells were plated

on Transwell polycarbonate filter supports with a pore size of 0.4mm (Costar),

and biotin assays were performed as described11. For microinjection experi-

ments, MDCK cells were grown on coverslips and microinjected with the indi-

cated cDNAs, as described previously31,33.
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Figure 5 | Clathrin suppression disrupts exit and sorting of basolateral
proteins at the TGN. a, Clathrin depletion by siRNA inhibits the exit of
VSVG–GFP from the TGN. Experiments were performed in subconfluent
MDCK cells expressing ST–RFP after a shift from 20 uC to 32 uC.
b, Quantification of the exit of NCAM–GFP, VSVG–GFP and p75–GFP in
control and clathrin-depleted cells. Perinuclear GFP was quantified as a
fraction of the total cell GFP. Means 6 s.e.m. are shown (n . 10; two
experiments per condition). Scale bar, 10 mm. c, Clathrin crosslinking in
MDCK cells expressing clathrin light chain linked to FKBP and
haemagglutinin (HA). NCAM–GFP accumulated in the TGN after a 20 uC
block moved to PM in control cells, but was blocked at the Golgi in cells
treated with crosslinker AP20187 (see also Supplementary Movie 1). d, The
exit of NCAM–GFP, VSVG–GFP and p75–GFP from the TGN was
quantified from live recordings of MDCK cells expressing HA–FKBP-CLC,

in the presence or absence of crosslinker. Data are expressed as
means 6 s.e.m. (n . 10 with at least two experiments per condition).
e, Inhibition of endocytosis by AP2 knockdown does not delay the exit of
NCAM–GFP from the TGN. Treatment of MDCK cells with m2 siRNA
reduced the Tf internalization rate by about 70% compared with control
siRNA (0.047 6 0.015 min21 versus 0.137 6 0.019 min21, n 5 4) but did not
affect NCAM–GFP exit from the TGN, quantified as in b and
d. Means 6 s.e.m. are shown. WB, western blot. f, Clathrin depletion
promotes incorporation of basolateral protein into apical carriers. Cells were
co-microinjected with cDNA encoding NCAM–Cherry (basolateral cargo)
and p75–GFP (apical cargo). Post-Golgi carriers for p75–GFP, identified by
their characteristic speed, contained NCAM–Cherry more often in clathrin-
depleted cells than in control cells (represented in the boxed areas). See also
Supplementary Movies 2 and 3.
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siRNA and western blot analysis. siRNA duplexes were purchased from

Dharmacon. Two CHC siRNA duplexes were used: 59-UAAUCCAAUUC-

GAAGACCAAU-39 (ref. 19) and 59-GUAUGAUGCUGCUAAACUA-39,

designed with a Dharmacon program. Both oligonucleotides matched the pre-

dicted canine genome sequence of CHC. The m2 siRNA duplex was 59-

GUGGAUGCCUUUCGGGUCA-39. Sequences were subjected to BLAST

searches to ensure that only the desired mRNA was targeted. Luciferase-specific

siRNA (Dharmacon) was used as control. siRNAs were transfected into MDCK

cells by nucleofection by Amaxa electroporation, with 5 mg (375 pmol) of siRNA

and 4 3 106 cells, in accordance with the manufacturer’s instructions (Amaxa).

For effective knockdown, we performed two sequential nucleofections at 72-h

intervals. Cells were then plated at subconfluence or confluence, depending on

the experimental design, and the experiments were performed three days after

the second round of nucleofection. Cell lysates containing 20mg of protein were

analysed by 10% SDS–PAGE and immunoblotting to detect expression levels of

CHC, CLC and m2. Normalization was performed with the signals obtained in

parallel with antibody against b-coat protein or anti-b-catenin antibody.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
cDNA constructs and adenoviruses. Plasmids encoding NCAM–GFP, p75–

GFP and ST–RFP were described previously41,42. NCAM–Cherry plasmid was

generated by subcloning NCAM in pCherry vector into the SalI and KpnI site.

pCherry vector was generated by excising GFP from pEGFP-N1 vector with

BamH1 and NotI enzymes and replacing it with Cherry. This vector was a gift

from A. Müsch. Adenoviruses encoding the human TfR and VSVGtsO45–GFP

were provided by I. Mellman and K. Simons, respectively. An MDCK cell line

permanently expressing hPar6a–GFP was obtained from A. Müsch.

Antibodies. CHC was detected with the monoclonal antibody X22 (Affinity

BioReagents) for immunoprecipitation and immunofluorescence experiments,

and the monoclonal antibody TD1 (Covance) for immunofluorescence and

western blot experiments. Clathrin light chains a and b were detected with the

monoclonal antibody CON.1 (Covance). Mouse monoclonal antibody against

haemagglutinin (HA) epitope and rabbit polyclonal antibody against giantin

were purchased from Covance. Monoclonal antibody against ZO1 was pur-

chased from Chemicon. Monoclonal anti-chicken NCAM antibody (clone 5e)

was obtained from Developmental Studies Hybridoma Bank. Monoclonal anti-

body against the ectodomain of p75 (hybridoma ME 20.4) was provided by M.

Chao. Monoclonal antibody against the ectodomain of VSVG (hybridoma

5FaG) was provided by J. Lewis. Monoclonal antibody against E-cadherin was

purchased from BD Transduction Laboratories. Monoclonal antibody against

Na1, K1-ATPase b subunit was purchased from Upstate.

Mouse anti-(human TfR) antibodies were purchased from Zymed (now

Invitrogen) and from Chemicon. Goat antibody against human cathepsin D

was purchased from R&D Systems. Antibody against b-coat protein was

obtained from J. Rothman. Monoclonal antibody against the ectodomain of

rat CD147 (RET-PE2 hybridoma) was provided by C. Barnstable. Rabbit anti-

GFP antibody and chicken polyclonal anti-m2 antibody were purchased from

Abcam and rabbit anti-b-catenin antibody was purchased from Sigma.

Cathepsin D maturation assay. Cells grown in six-well plates were incubated

with methionine-free DMEM for 30 min before labelling. After washes, the cells

were pulse labelled with [35S]methionine/cysteine in methionine/cysteine-free

DMEM and then chased with normal DMEM supplemented with 5 mM methio-

nine and 1 mM cysteine for different periods. After the chase, the cells were

washed with ice-cold PBS and then lysed. Cathepsin D was immunoprecipitated

with a goat anti-(human cathepsin D) antibody. Immunoprecipitates were ana-

lysed by SDS–PAGE followed by autoradiography. The band intensities were

quantified with a phosphorImager (Molecular Dynamics).

Unidirectional flux of inulin. Inulin permeability was measured by incubating

cell monolayers in the presence of 0.5 mCi of [3H]inulin in the apical chamber. At

various times, 50-ml aliquots of basal medium were withdrawn and radioactivity

was measured with a Wallac Beta Counter (Perkin Elmer). Flux of [3H]inulin

into the basal well was calculated as the percentage of total radioactivity admi-

nistered into the apical well.

Immunofluorescence and confocal microscopy. Three-day-old filter-grown

monolayers of MDCK cells were fixed for 15–20 min in 4% paraformaldehyde

in PBS containing Ca21 and Mg21, and processed for indirect immunofluores-

cence by using primary and secondary antibodies tagged with Alexa568 or Alexa-

488. Monolayers were stained intact (NCAM, VSVG, p75, CD147) or after

permeabilization with 0.075% saponin (E-cadherin, clathrin X22, ZO1).

Methanol fixation was used to stain the Na1, K1-ATPase b subunit and clathrin

(with TD1 antibody). Confocal images were obtained with a laser-scanning

confocal microscope TLS SP2 (Leica) with a 633 oil-immersion objective.

Images were acquired with laser excitation bands at 488 and 543 nm.

Biotinylation assay to measure steady-state localization of PM proteins. To

determine the steady-state surface polarity of PM proteins, MDCK-cell mono-

layers, confluent on Transwell chambers for three days, were biotinylated with

sulpho-NHS-SS-biotin twice for 15 min at 4 uC, either apically or basolaterally.

After biotinylation, the filters were excised and the cells were solubilized in lysis

buffer (150 mM NaCl, 20 mM Tris pH 8.0, 5 mM EDTA, 1% Triton X-100, 0.2%

BSA, and protease inhibitors). Biotinylated proteins were then incubated with

streptavidin-agarose beads (Pierce) for 1 h. After washing of the beads, the bio-

tinylated proteins were eluted in SDS-containing sample buffer (Laemmli) and

analysed by SDS–PAGE and western blotting with specific antibodies.

Biotin targeting assays. Quantification of polarized delivery of TfR to apical and

basolateral surfaces of MDCK cells was performed as described previously11.

MDCK cells confluent on filters for two days were infected with adenovirus

encoding human TfR for 28–32 h and were subsequently pulse-labelled for

13 min with 0.5 mCi ml21 [35S]methionine/cysteine. The excess radioactivity

was quickly rinsed off with serum-free DMEM supplemented with 3 mM unla-

belled methionine and cysteine. Cells were then chased for the indicated times at

37 uC with serum-free DMEM supplemented with 50 mg ml21 biotinylated

human transferrin (B-Tf) added to either the apical or basolateral sides. At the

end of the chase period, excess B-Tf was removed by three consecutive rinses with

Hanks balanced salt solution (HBSS) supplemented with 0.5% BSA. The cells

were then lysed for 30 min at 4 uC in TfR lysis buffer (TfR-LB/5.5) containing

150 mM NaCl, 30 mM KCl, 2.5 mM EDTA, 1.5% Triton-X100 and 1% albumin

in 40 mM sodium acetate buffer pH 5.5 and supplemented with a protease

inhibitor cocktail that included 1 mM phenylmethylsulphonyl fluoride,

15 mg ml21 leupeptin/pepstatin/antipain and 75 mg ml21 benzamidine-ClH.

The B-Tf–TfR complex was then retrieved from the lysate with avidin-

Sepharose, boiled in Laemmli sample buffer and resolved on 9% SDS–PAGE.

The roughly 90-kDa band corresponding to TfR was detected by

phosphorImager and quantified.

To examine the polarized delivery of VSVG to the cell surface, MDCK cells

grown for three days on Transwell chambers were infected with adenovirus

encoding VSVGtsO45–GFP. After 24 h, the monolayers were pulse-labelled for

15 min with 0.5 mCi ml21 [35S]methionine/cysteine. At various chase times,

filters were chilled to 4 uC and biotinylated from the apical or basolateral sides;

the lysates were subjected to immunoprecipitation with specific antibodies

against VSVG protein. Samples were subsequently re-precipitated with strepta-

vidin-agarose, and the biotin-labelled immunoprecipitates were separated by

SDS–PAGE, revealed with a phosphorImager and quantified. For CD147 we

used a cell line expressing CD147–GFP, and immunoprecipitation was per-

formed with an anti-GFP antibody.
125I-Tf internalization assay. One day before the experiment, MDCK cells were

infected with adenovirus encoding human TfR. MDCK cells were incubated for

2, 4, 6, 8 or 10 min with 5mg ml21 125I-labelled human Tf at 37 uC. After incuba-

tion, cells were placed on ice, washed twice with cold neutral pH buffer (Ca/Mg

HBSS buffer; Gemini) and incubated for 5 min at 4 uC in pH 2 buffer (0.5 M

NaCl, 0.5 M acetic acid pH 2) to remove surface Tf. After a quick wash with

neutral pH buffer, the cells were solubilized and radioactivity was measured. A

parallel plate was incubated for 2 h in neutral pH buffer with 5mg ml21 125I-

labelled human Tf at 4 uC to determine the total surface amount of receptors. The

cells were washed six times with neutral pH buffer and solubilized (1% Triton

X-100, 0.1 M NaOH), and radioactivity was measured with a Wallac Gamma

Counter (Perkin Elmer). Non-specific binding was measured in the presence of a

200-fold excess of unlabelled human Tf and subtracted. The slope of a plot of the

ratio of internal human Tf to surface human Tf (4 uC binding) against time was

used to measure the internalization time constant.

Recycling of TfR and LDLR. Recycling of TfR was measured with 125I-labelled

human Tf (125I-Tf) as a ligand in MDCK cells transduced with an adenovirus

encoding human TfR, as described previously11. For these experiments, MDCK

cells confluent on Transwell filters for four days were exposed to 125I-Tf from the

basolateral side for 2 h, washed at low pH to remove surface 125I-Tf and incu-

bated for different durations at 37 uC in the presence of unlabelled Tf and des-

ferroxamine to follow the release of 125I-Tf into basal medium (basolateral

recycling) and apical medium (transcytosis). Recycling of LDLR was studied

in MDCK cells permanently expressing BBS-LDLR (a-bungarotoxin (BTX)

binding site fused to LDLR), a fusion protein in which part of the luminal

domain of human LDLR was replaced by a peptide-binding sequence for bun-

garotoxin (BBS), thus allowing the use of 125I-BTX as a high-affinity ligand. Cells

confluent on filters for four days were incubated for 3 h with 5 mCi ml21

(0.29mg ml21) [125I]Tyr54-BTX (PerkinElmer) at 37 uC to achieve steady-state

occupancy of the tagged LDL receptors. The cells were washed twice with ice-

cold Hanks buffer with calcium and magnesium. The surface pool of 125I-BTX

bound to the BBS-LDLR was cleaved off with 25mg ml21 trypsin in Hanks buffer

at 4 uC for 30 min. After being washed, the filters were placed at 37 uC in the

presence of 25mg ml21 trypsin added apically and basolaterally. The medium was

collected at 7, 15, 27, 42, 60, 80 or 100 min from apical and basolateral chambers,

and radioactivity was measured with a Wallac Gamma Counter. Each time point

was performed in triplicate.

Microinjection, live imaging of exit from the TGN and quantification of
fluorescence. Expression and accumulation in the TGN of p75–GFP and

NCAM–GFP were performed as described previously31. MDCK cells grown on

glass coverslips were microinjected in their nuclei with 1–20mg ml21 cDNA

encoding the GFP-tagged proteins, diluted in HKCl injection buffer (10 mM

HEPES, 140 mM KCl pH 7.4) and incubated at 37 uC for 1–2 h and at 20 uC with

100mg ml21 cycloheximide for accumulation in the TGN. After release of the

temperature block by incubation at 32 uC, cells were imaged as described31.

Expression of VSVG–GFP was obtained by transduction with an adenovirus

encoding VSVGtsO45–GFP 24 h before the experiment. The cells were incubated

overnight at 39 uC for synthesis and accumulation of the protein at the endo-

plasmic reticulum and incubated for 2 h at 20 uC in the presence of 100mg ml21

cycloheximide. The Golgi block was released by transfer to 32 uC and perinuclear

and total GFP fluorescence were quantified as described31, to assess the exit of
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NCAM–GFP, p75–GFP or VSVG–GFP from the TGN. Imaging was conducted
with a temperature-controlled stage and a TE300 inverted microscope (Nikon)

with a 403 (1.04 numerical aperture) objective. Time-lapse movies were

acquired with an ORCA II ER camera (Hamamatsu Photonics).

For dual-colour movies, cells were co-microinjected with p75–GFP

(1mg ml21) and NCAM–Cherry (20mg ml21). The co-localization analysis of

NCAM and p75 exocytic cargoes was performed manually by tracking single-

positive and double-positive structures in the acquired time sequences with the

use of Metamorph software (Molecular Devices).

Clathrin crosslinking. The fusion protein construct HA–FKBP-LC was pre-

pared from a plasmid encoding GFP–FKBP-LC, obtained from T. Ryan15. The

FKBP portion of this construct is modified to specifically bind the crosslinker

AP20187 (Ariad Pharmaceuticals; http://www.ariad.com/regulationkits). To fit

our experimental design, the GFP tag was replaced by an HA tag. The sequence

encoding GFP was removed with NheI and BglII and the sequence encoding HA

was added by ligating the following insert phosphorylated at the 59 end:

59-CTAGCTCGCCACCATGTACCCATATGACGTCCCCGACTA-
CGCGA-39

39-GAGCGGTGGTACATGGGTATACTGCAGGGGCTGATGCG-
CTCTAG-59

The resulting plasmid, pHA–FKBP-LC, was stably transfected in MDCK cells

with the use of the Amaxa nucleofection technique (Amaxa). MDCK clones were

selected after 1–2 weeks of culture in the presence of G418 and assayed for

expression of HA–FKBP-LC by immunofluorescence and western blotting with

anti-HA and anti-CLC antibodies.

The ideal concentration of crosslinker (AP20187), added for 30–60 min at

37 uC, to obtain maximal clustering of perinuclear clathrin, was titrated using

a Metamorph-based assay that involved measuring the intensity of a thresholded

region in each cell, with the threshold set at 50% of the total intensity for one
condition and then applied to other conditions.

Statistical analysis. Statistically significant differences between samples were

determined by a paired two-tailed t-test analysis using Prism.
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